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PREFACE 


In recent years, teachers of electronic circuit theory have been 
faced with the dilemma of a decreasing amount of time in which 
to present circuits containing an increasing variety of modern 
electronic devices. This problem has been brought on by two 
parallel developments, the tremendous advances in material 
science and technology and the equally significant advances in 
computer science and numerical techniques. The first of these 
forward strides has resulted not only in the invention and de- 
velopment of many new devices, but also in the advent of large- 
scale integration. The integrated circuit, in which thousands of 
transistors may be fabricated in a single monolithic chip, has 
added a new dimension to electronic circuit analysis. On the other 
hand, progress in computer sciences has greatly influenced the 
growing trend toward a systems approach to engineering educa- 
tion, concurrently forcing more conventional circuit courses out of 
the curriculum in the competition for the students limited time. 
The result of these developments, whether we like it or not, is the 
end of what some might consider the “era” of conventional elec- 
tronic circuit theory. 

In the effort to teach more in less time, a more constructive 
approach would seemingly be to attempt a unification of existing 
theories. Such an approach is what this book is all about. 

To implement this new approach, the electrical engineering 
group at Purdue has rearranged conventional topics in circuit 
theory into two areas: linear active networks and nonlinear net- 
works. The course in linear networks covers small-signal networks 
for which linear incremental models are valid, including small- 
signal amplifiers and simple active filters. The nonlinear presenta- 
tion, of course, covers networks which are not linear. This 
arrangement was chosen because there is a well-established theory 
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for analyzing linear networks, but no such currently available 
general theory for analyzing nonlinear networks. 

Because of this lack of general theory, the usual approach to 
nonlinear networks has been to collect, to catalog, and to refer to 
standard “recipes” for analysis of the various types of networks. 
However, since the student learns only recipes for analyzing 
specific circuits containing specific devices, he is not prepared to 
work with nonlinear circuits or devices he has not seen before (un- 
less he is the fortunate individual who is creative enough to 
develop his own new recipe). When we consider the rapid de- 
velopment of new devices, it does not take much imagination to 
see that even an engineer fresh out of the university may find him- 
self in the same serious predicament as the engineers who studied 
vacuum tubes in school and had to confront the transistor on 
their own. 

To rectify the shortcomings of the conventional approach, in 
this book we have emphasized the principles involved in composing 
the recipes, not the recipes themselves. Accordingly, most of the 
methods developed in this book are device-independent, a situation 
made possible by what we call the black-box approach to electronic 
circuit analysis. Essentially, what we are saying is that any elec- 
tronic device is considered to be a black box with two or 
more electrical terminals accessible to the external world. The box 
is black in the sense that we do not know its contents, and indeed, 
as far as circuit theory is concerned, they do not matter to us. We 
will never ask why a device has a certain characteristic, for such a 
question can be answered—if at all—only by looking inside the 
box to discover its internal structure; in other words, we will not 
study the physics of the device. In fact, if two black boxes have 
identical electrical characteristics, we do not care if one contains 
a familiar solid-state device and the other a piece of rock from the 
moon. In other words, we will not study the physics of the device 
(after all, we need not learn semiconductor physics to analyze a 
transistor circuit). The important study of the physics of devices 
belongs to a course in material science, not circuit theory. 

In line with the presentation of principles and concepts in as 
general a context as possible, we have found it necessary to take 
a deductive approach on many occasions; that is, each principle 
is first discussed in general terms, followed by various special 
cases and a number of examples. Because the methods presented 
are very general, they are not necessarily the easiest to apply in 
any particular situation. However, we believe that it is much more 
rewarding for a student to learn at least one general method that al- 


Preface 


ways works, than to learn a number of simpler (but more specialized) 
methods that hold in one case but not in another. 

We trust that by learning the general principles presented in 
this book, the student will be able to develop certain shortcuts to 
specific problems. At the very least, we expect him to have 
developed enough confidence to handle any new device (after all, 
it is just another black box) and to analyze simple nonlinear 
circuits. 

It should be noted here that we do not expect our student to 
solve a problem in the shortest possible time. We expect our 
student to know the concepts, we do not expect him to be skill- 
ful; the skill will be developed later in a design-oriented course. 

Although a considerable amount of material in this book is 
devoted to the synthesis problem, we will study only the basic ele- 
ments of nonlinear network synthesis and will stop as soon as a 
basic “skeleton” circuit is derived. The task of optimizing the cir- 
cuits performance is also left to the design-oriented course. 

As far as actual content is concerned, this book is divided 
into three parts. Part | contains four chapters of foundation 
material. The first three chapters are devoted to the definition and 
characterization of nonlinear network elements. A number of 
practical applications are presented for motivational purposes. 
The mature reader may skim over this material or even skip 
it completely. Chapter 4 develops the general procedures for 
writing the equations of motion for nonlinear networks. The uni- 
verse of all networks is divided into the class of resistive nonlinear 
networks and the class of dynamic nonlinear networks. Basic nu- 
merical techniques are introduced in this chapter for solving these 
two classes of nonlinear networks on a computer. 

Part 2 contains eight chapters devoted exclusively to resistive 
nonlinear networks. Chapter 5 defines three basic concepts of re- 
sistive networks, namely, the operating point, the driving-point 
plot, and the transfer-characteristic plot. In view of their frequent 
appearance, we have found it convenient to abbreviate the 
last two terms by DP plot and TC plot, respectively. Chapters 6 
and 8 are the most basic chapters in Part 2; the former deals with 
analysis of nonlinear networks, whereas the latter deals with the 
synthesis of nonlinear networks. In order to extend the methods 
of Chapter 6 to a larger class of networks, a number of nonlinear 
network theorems and techniques are required; these are presented 
in Chapter 7. A number of common-functional nonlinear circuits 
normally taught in higher level courses are presented in Chapters 
9 and 10 with a very unconventional approach. These chap- 
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ters are included to illustrate the methods presented in Chapters 
6, 7, and 8. Although no new concepts are introduced, our experi- 
ence has shown that these two chapters have high motivational 
value. Chapter 11 presents the general principles for modeling 
three-terminal nonlinear elements in terms of two-terminal ele- 
ments and controlled sources. This chapter leads to the formula- 
tion of a completely general method for analyzing nonlinear re- 
sistive networks, as presented in Chapter 12. Ideally, the digital 
computer should be used to implement the methods in this 
chapter. 

Part 3, consisting of eight chapters, develops the theory and 
analysis of dynamic nonlinear networks. Chapter 13 introduces 
the basic concepts useful in dynamic network analysis. Here the 
state space is presented from a geometric point of view. Several 
powerful techniques for analyzing autonomous first-order nonlinear 
networks are presented in Chapter 14. These techniques are then 
generalized in Chapter 15 to the case of nonlinear switching net- 
works. The techniques of Chapter 15 are used to present a unifying 
theory of first-order multivibrators and time-base generators in 
Chapters 16 and 17, respectively. Several new principles for analyz- 
ing first-order nonautonomous networks and second-order autono- 
mous networks are given in Chapters 18 and 19, respectively. 
Finally, the book concludes with a discussion of nth-order nonlinear 
network analysis. This chapter serves as a simple introduction to a 
more advanced nonlinear network theory course requiring higher 
mathematics. 

Most chapters start with elementary and basic concepts and 
are followed by more general theories, algorithms, and their appli- 
cations. The last few sections of each chapter are usually of a more 
specialized or advanced nature, and can be omitted on first reading 
without loss of continuity. In particular, the following sections fall 
into this category: 1-9, 1-10, 3-3, 3-4, 3-7, 3-8 , 4-5, 4-7, 4-8, 5-4, 6-7, 
6-8, 7-7, 7-8, 7-9, 8-2-3, 8-5, 12-6, 13-4-3, 14-7, 14-8-3, 15-4, 19-4, 
19-5, 19-6, 20-2, and 20-3. 

Exercises are included after most sections. These pertain to 
the immediately preceding material. Some of the exercises are 
drill-type questions designed to test or clarify new concepts intro- 
duced in a particular section and can usually be answered with 
little or no calculation. Other exercises may involve the derivation 
of related results or the working of specific examples designed to 
illustrate the concepts and algorithms presented in a particular 
section. 


Problems appear at the end of each chapter. These are plenti- 
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ful and sometimes very long; a selected group of them is sufficient 
for any course. In order to enhance their value to the book, many 
of the problems contain several similar parts, so that only one part 
need be assigned at a time. Although all problems could be solved 
without using a computer, a few of them involve such considerable 
computation that it would be desirable to use a computer. 

A package of computer subroutines and programs has been 
carefully designed to implement many of the basic algorithms 
described in the text. These programs and subroutines are written 
in FORTRAN IV and are currently available from the author. 
These subroutines and programs are developed strictly from a 
pedagogical point of view; since they are designed to eliminate 
only routine calculations and tedious graphical constructions, the 
student must learn the conceptual aspects of each algorithm before 
he can successfully use the package. A more detailed description 
of the basic philosophy and mechanics of this package is given 
elsewhere.1 

This book is virtually self-contained; all prerequisite and back- 
ground material is carefully developed as needed. No mathematical 
background beyond that of basic calculus is assumed. Moreover, the 
material has been developed so that a linear active network theory 
_ course is unnecessary either as a prerequisite or as a corequisite. 
(Familiarity with the basic characteristics and operating principles 
of electronic devices is helpful but not at all necessary.) In 
fact, selected portions of this book can be used as a first course in 
circuit theory. After obtaining a solid foundation in nonlinear cir- 
cuits, the student can then take a course in linear circuit theory in 
which powerful analytical techniques can be introduced. Then not 
only will the student better appreciate these materials, he will also 
be more alert to the limitations of linear techniques. Another 
compelling reason for teaching the present text before a linear 
circuits course is to give the student at least one more semester to 
take some basic mathematics courses (preferably matrix theory 
and differential equations) so he can better understand the state- 
space approach in linear circuits. 

With an appropriate selection of subject matter, this book 
could be used as a textbook in electronic circuit theory at the 
sophomore, junior, or senior levels. For a three-credit-hour sopho- 
more course, the topics might consist of only a few introductory 
sections (such as 1-6, 2-1-1, 3-2, 4-1, and 4-2) from Part 1. These 
might be followed by a heavy dose of selected topics from Chap- 
ters 6 through 12 in Part 2. The third part of the course might 
consist of the more basic topics from Chapters 13 through 18. A 
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three-credit hour junior course might cover essentially the same 
topics proposed for the sophomore course but in greater depth. 
This would include additional sections previously omitted. It 
is reasonable to assign more difficult homework problems at this 
level. At the senior level, the entire book can be covered by 
assigning the first five chapters as review material. Since this book 
contains much new material in the general area of nonlinear circuit 
analysis and synthesis, it can also be used as a reference book by 
practicing engineers involved in the design of large-signal elec- 
tronic circuits. 

The preliminary edition of this book has been used as a text 
for a nonlinear circuit analysis course at Purdue University. This 
course consists of three lecture hours per week and is taken by all 
electrical engineering undergraduate students in the second semester 
of the sophomore year. Concurrently, the students take a course 
in linear active circuits. In addition to these two courses, the 
students take a six-hour-per-week laboratory course in which they 
are introduced to a wide range of devices, including the latest 
commercially available. Most of the practical nonlinear electronic 
circuits presented in this book (electronic switches, gates, logic 
circuits, multivibrators, time-base generators, etc.) are built and 
verified by the students in this laboratory course. Our experience 
has shown this combination of courses to be very successful. 

This book could not have been written without the generous 
support of various organizations and individuals. In fact, most of 
the original results included in this book are the product of the 
author’s research under the sponsorships of the National Science 
Foundation and the Army, Navy, and Air Force Joint Services 
Electronics Program. I am particularly grateful to Dr. J. C. Han- 
cock of Purdue University, whose leadership in electrical engineering 
education has been instrumental in a complete revision of the 
Purdue electrical engineering curriculum. This book is a by- 
product of that revision. I am indebted to Dr. R. A. Rohrer of the 
University of California (Berkeley) and Dr. M. E. Van Valkenburg 
of Princeton University for their constant encouragement and ad- 
vice. I also wish to acknowledge a number of my colleagues who 
offered valuable suggestions during the evolution of this book. 
They are Dr. C. A. Desoer and Dr. E. S. Kuh of the University of 
California (Berkeley), Dr. Y-L Kuo, Dr. B. J. Leon, Dr. D. A. 
Landgrebe, Dr. P-M Lin, Dr. C. D. McGillem, and Dr. L. F. 
Silva, all of Purdue University. A great number of students have 
helped in one way or another throughout the course of this work. 
Among them, I wish to single out Mr. J. C. Evans, Mr. D. A. 
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Perreault, and Mr. K. A. Stromsmoe for their many critical sug- 
gestions in transforming the preliminary edition to the present 
form. I would also wish to thank Mr. Michael Elia of the McGraw- 
Hill Book Company for his valuable editorial help. But most of all, 
this book would never have been finished without the infinite 
patience and assistance of my wife, to whom this book is dedicated. 


Leon O. Chua 
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FOUNDATIONS 
OF NONLINEAR 
NETWORK THEORY 


1-1 REVIEW OF BASIC PHYSICAL VARIABLES IN NETWORK THEORY 


The advent of electrical science occurred with the discovery of the 
phenomenon that dry substances such as amber or rubber tend to 
repel or attract each other upon being rubbed by different mate- 
rials such as silk or fur. This phenomenon was first explained by 
postulating the existence of a certain basic electrical quantity 
called the “electric charge” g, which may be either positive or 
negative, and which has the property that like charges exert a force 
of repulsion and unlike charges exert a force of attraction between 
each other. The quantity “charge” remains the most basic electrical 
quantity today, and its existence can now be explained by the 
atomic theory: a body is ““charged” whenever there is an excess of 
the positive charges in the nucleus over the negatively charged elec- 
trons and vice versa. The practical unit of charge called the cou- 
lomb has been defined to be equivalent to the total charge pos- 
sessed by 6.24 x 1018 electrons. The quantity of charge possessed 
by a body can be measured by various instruments such as the 
electroscope. 

Since charged bodies exert forces on one another, energy or 
work is involved whenever one charged body is moved in the 
vicinity of another charged body. Hence if w is the work done by 
moving a charge g from point j to point k (assuming w is inde- 
pendent of the path taken),! then the potential difference, or volt- 
age, between these points is defined as the work per unit charge; 
that is, 


(1-1) 


bral esa 
Uj = 


1This assumption is only 

approximately satisfied in 
practice. The study of the 
conditions under which 
this assumption is valid 
belongs to a course in 
electromagnetic field the- 
ory. However, as far as 
network theory is con- 
cerned, the above assump- 
tion is automatically im- 
plied. Very roughly 
speaking, the above as- 
sumption is valid when 
the frequency of the signal 
is “not too high,” that is, 
when the wavelength of the 
signals is long compared 
with the dimension of the 
physical network. 
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Observe that the magnitude of the charge is arbitrary; only the 
ratio between work and charge is important. Hence, the incremen- 
tal work dw required to move an incremental test charge dq from 
point j to point k must also satisfy Eq. (1-1); thus 


dw (1-2) 


Uk = dq 


When there is no possibility of confusion, we can delete the sub- 
scripts j and k and express the voltage simply as v. The practical 
unit of voltage is called the volt. The voltage v between two points 
can be measured by a voltmeter. 

Charges can be caused to flow from one charged body into 
another by connecting a conducting wire between the two bodies. 
In 1819, Hans Christian Oersted discovered that the flow of charge 
through a wire produced a force on a compass needle in the 
vicinity of the wire and that force was proportional to the rate of 
flow of charge. Since the force on a compass needle can be easily 
determined by noting the deflection of the needle, the quantity 
“rate of flow of the charge” becomes very useful, and it has been 
given the name current, 7. By definition, 


ae 
Mes? (1-3) 


The practical unit of current is the ampere; i.e., one ampere repre- 
sents a charge flowing at a rate of one coulomb per second. The 
current i can be measured by an ammeter. 

The deflection of a magnetic compass needle caused by the 
flow of charge, or current, in a conductor indicates that current 
produces a magnetic effect. This effect can be explained by the 
generation of a magnetic flux A by the current. If the conductor is 
wound into a coil of n turns, then by defining m = nA to be the 
flux linkage, Faraday discovered that the voltage between the two 
terminals of the coil is given simply by 


ey 


“iad (1-4) 


The practical unit of the flux linkage ¢ is called the weber. Flux 
linkage can be measured by a fluxmeter. 


If we multiply together the left and right sides of Eqs. (1-2) 
and (1-3), we obtain 
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wi = 2" 4 _ aw 
dq dt at (es) 


Since w represents energy, dw/dt represents the rate of change of 
energy, or the power p; hence 


PO = vo(di(d) (1-6) 


Summarizing, therefore, we find that the six basic electrical quanti- 
ties of interest in network theory are the charge gq, the voltage v, 
the current i, the flux linkage y, the power p, and the energy w. 
The universal relationships between these quantities at any time / 
are 


i(t) = eu) (1-7) 
uw) = BO (1-8) 
PO) = vile) = HO (1-9) 
wt) = [° plr)dr = f°, o(nii(a) ar (1-10) 
qY) = [@ dr (1-11) 
) = f < u(t) dr (1-12) 


1-2 THE SIMULTANEITY POSTULATE IN LUMPED-NETWORK THEORY 


The six basic electrical variables related by Eqs. (1-7) to (1-12) are 
assumed to be functions of only one independent variable, namely, 
the time of measurement ¢. Actually, to be exact, we must intro- 
duce another independent variable for specifying the relative 
location of the various terminals at which these electrical quanti- 
ties are to be measured. This is the variable /ength, or dimension, 
in centimeters. The necessity for introducing this variable is due 
to the fact that it takes a finite amount of time for electrons to 
move from one point to another. For example, if we apply a 
voltage v,(¢) across one end of a 30-cm lossless transmission line 
as shown in Fig. 1-1a, it will take | nsec (30 cm/3 x 101° cm/sec = 
10-9 sec) for the signal to arrive at the other end (x = 30 cm).? If 


1 For simplicity, we assume 
the electrons traverse down 
the line at the velocity of 
light. The actual electron 
velocity will, of course, de- 
pend on the characteristics 
of the transmission line. 


6 
Us(t) 
x=0 ie 
e=s0.em || Ue 
Uy (t) 
(a) 109 
Fig. 1-1. The length of the 


transmission line introduces a 
time delay which is significant 
in (6) but may be neglected 
in (c). 


1Networks which do not 
satisfy the simultaneity 
postulate are said to be 
distributed. The study of 
distributed networks be- 
longs to a course in elec- 
tromagnetic field theory. 
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v,(t), volts 


v, (t), volts 
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the duration of time for which the signal level remains relatively 
unchanged is of the same order of magnitude (say, 2 nsec), then 
the time delay of the transmission line cannot be neglected. This 
is easily seen by comparing the signals v,(¢) and v,(t) as shown in 
Fig. 1-15. On the other hand, if the signal level does not change 
rapidly (relative to the time delay) as in Fig. 1-lc, then the time 
delay is insignificant and may therefore be neglected. Under this 
assumption, the output signal v,(f) may be considered to appear 
at the same instant as the input signal v,(¢). This is equivalent to 
the assumption that the length of the transmission line is insignifi- 
cant. In other words, the line can be Jumped as one point so that 
the current entering one terminal of a terminal pair appears instan- 
taneously at the other terminal. We will refer to this assumption as 
the simultaneity postulate. 

The simultaneity postulate is a fundamental assumption in 
lumped-network theory that applies not only to transmission 
lines but also to all two-terminal black boxes considered in this 
book.! This postulate is valid whenever the physical dimension of 
each device inside the black box is small so that the time delay it 
introduces is insignificant compared with the minimum time dura- 
tion for which the signals remain relatively constant. For periodic 
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signals, the reciprocal of the frequency is a good measure of this 
minimum time duration. Hence, roughly speaking, the higher the 
operating frequency, the smaller must be the device’s physical 
dimension in order for the simultaneity postulate to be satisfied. 
Fortunately, most nonlinear electronic circuits of interest do 
satisfy the simultaneity postulate. This is especially true with 
integrated circuits where the components are becoming so small 
that they can be seen only with the aid of a microscope. 


1-3. SIGNIFICANCE OF THE REFERENCE CURRENT 
DIRECTION AND THE REFERENCE VOLTAGE POLARITY 


One of the most basic concepts in physical science is that any 
physical quantity is invariably measured with respect to some 
“assumed” frame of reference. In electrical network theory, the 
frame of reference takes the form of an assumed reference direc- 
tion of the current i and an assumed reference polarity of the 
voltage v. A thorough understanding of the concept of reference 
current direction and reference voltage polarity is absolutely 
essential in the study of nonlinear network theory. It is a fact that 
a large percentage of the mistakes committed by students of net- 
work theory can be traced to either the students’ underestimation 
of the full significance of reference current directions and voltage 
polarities or the students’ failure to maintain a consistent set of 
references. 

Perhaps the simplest way to introduce the concept of assumed 
reference direction and polarity is through the following experi- 
ment. Suppose we are given a black box with a pair of terminals 
a-b and a wire c-d coming out of the box as shown in Fig. 1-2a. 
Suppose we are required to measure the voltage between terminals 
a-b and the current in the wire c-d. 

Let us consider first measuring the voltage by connecting 
terminals a-b to the vertical input terminals of an oscilloscope. 


Fig. 1-2. An experiment dem- 
onstrating that regardless of 
which terminal of the black box 
is chosen to be positive, the 
actual voltage across terminals 
a-b can be unambiguously 
specified for all time. 


1Tt can be justified on 
physical grounds that the 
simultaneity postulate is 
generally valid if the 
largest physical dimension 
of the device is much 
smaller than the wave- 
length of the highest an- 
ticipated frequency of 
operation. 
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Since one of the two vertical input terminals of any oscilloscope is 
marked with a positive sign while the other is marked with a 
negative sign, the question that immediately arises is which of the 
two terminals of the black box should we connect to the positive 
terminal of the oscilloscope in order to obtain the desired infor- 
mation. The answer is that it does not matter. In order to see this, 
suppose we arbitrarily assume terminal b to be connected to the 
positive terminal as shown in Fig. 1-2b. The assumption that 
terminal b is the positive terminal does not mean that the poten- 
tial at b is higher than the potential at a. It does mean, however, 
that if at any time ¢ = 1, v(t) > 0, then the potential at b is 
higher than the potential at a. On the other hand, if v(t1) <0, 
then the potential at b at ¢ = 4 is actually lower than the poten- 
tial at a. For example, if the voltage u(4) displayed on the oscillo- 
scope is given by 


u(t) = 10 sin at volts 


then terminal b is at a higher potential than terminal a during the 
time interval 0 < ¢ < 1 sec. But during the time interval 1 Cc t< 
2 sec, terminal b is actually at a lower potential than terminal a. 

Let us now consider what happens when we assume terminal 
a instead of terminal b to be the positive terminal, as shown 
in Fig. 1-2c. Since the connection in Fig. 1-2c is opposite to the 
connection in Fig. 1-25, it is clear that the voltage v(¢) displayed 
on the oscilloscope is now given by 


u(t) = —10 sin at volts 


Since terminal a is now the assumed positive terminal, and since 
u(t) < 0 for 0 << t < 1 sec, this means that during this time inter- 
val, terminal a is at a lower potential than terminal 5. Similarly, 
we found that during the time interval 1 < ¢ < 2, terminal b 
is actually at a lower potential than terminal a. 

In either case we found the final answers to be identical. We 
can, therefore, conclude that in order to specify the voltage be- 
tween any pair of terminals unambiguously, we may arbitrarily 
assume any one of the two possible terminals to be the positive 
terminal. 

By analogy, we can conclude that in order to specify the cur- 
rent in any wire unambiguously, we may arbitrarily assume any 
one of the two possible directions to be the positive direction. The 
actual direction in which the current i(#) is flowing at any time ¢ = 4 
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will be in the assumed positive direction if i(t,) > 0, and opposite 
to the assumed direction if i(t,) < 0. 

Let us consider next a two-terminal black box N and assume 
a reference direction for the terminal current i and a reference 
polarity for the terminal voltage v. Since the references for both 
i and v are arbitrary, there are four distinct sets of combinations 
of references. There is no reason to prefer any one combination 
over the others. However, in practice, it is usually convenient to 
choose the combination so that positive power 


Pt) = v(Hi(t) > 0 


represents power entering the black box. From basic electromag- 
netic principles, it can be shown that this condition is satisfied 
whenever the current is chosen to enter the assumed positive ter- 
minal of the black box. From the simultaneity postulate, the same 
current must leave the negative terminal. This means that the 
allowable reference combination must be either of the form shown 
in Fig. 1-3a or b. 

In either case, observe that the current arrow either enters 
the positive terminal or leaves the negative terminal. 


1-4 INDEPENDENT SOURCES 


Electrical energy must be supplied in order to move the charges 
which constitute the current i. Since energy can be neither created 
nor destroyed, it must be transformed from some other forms of 
energy. For example, a battery transforms chemical energy into 
electrical energy, a generator transforms mechanical energy into 
electrical energy. For convenience, we often refer to these energy- 
transforming devices, such as batteries or generators, as sources 
of electrical energy or simply sources. However, this statement 
should not be interpreted as implying that sources can create 
energy. 

One of the earliest devices which serves as a source of elec- 
trical energy is the galvanic voltaic cell. Many other devices have 
been invented to function as sources of electrical energy, and, no 
doubt, many more will be invented in the future. Perhaps the 
simplest source of electrical energy today is the battery, which is 
capable of delivering a limited range of direct current to an exter- 
nal load connected with it, while maintaining an approximately 
constant voltage across its terminals. A less common source of 
electrical energy (but one gaining in popularity) is the solar cell, 


Fig. 1-3. Two possible sets of 
assumed reference direction 
and polarity for ensuring that 
positive power means power 
entering the black box. 
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which develops a limited range of voltage drop across an external 
load connected with it, while maintaining an approximately con- 
stant current in the load. Observe that in the case of the battery, 
the output voltage is independent of the current drawn by the 
load (provided the current is not large). In contrast with this, it is 
the output current of the solar cell that is independent of the volt- 
age drop across the load (provided the voltage drop is not large). 
It seems reasonable, therefore, to distinguish the above two types 
of electrical sources by calling the former a voltage source and the 
latter a current source. 

Observe that in the above discussion, we have assumed that 
the current in the battery and the voltage drop across the solar 
cell are not large. This assumption is necessary because when a 
large current is drawn from the battery, its output voltage de- 
creases and is no longer independent of the current. Similarly, a 
large voltage drop across the solar cell results in a decrease in the 
output current. The above phenomenon is a well-known experi- 
ence; for example, the light dims whenever an appliance such as 
an air conditioner (which draws a large current) is turned on. In 
fact, no physical voltage source exists which is capable of develop- 
ing a voltage that is entirely independent of its terminal current. 
Neither does there exist any physical current source which is 
capable of delivering a current that is entirely independent of its 
terminal voltage. While no such physical sources really exist, it is, 
nevertheless, extremely convenient to postulate the existence of 
the above sources as “ideal” sources. In other words, we are trying 
to “model” a physical source by an “ideal source” so that a net- 
work containing such sources can be conveniently analyzed. Ob- 
serve that the above concept of modeling is analogous to that of 
the physicist who tries to represent the motion of a physical ob- 
ject by the motion of a “point” representing the center of gravity 
of the object. The concept of making a model to represent a 
physical system is so basic that we shall have many more occa- 
sions to use it in the future. With the above clarification, let 


us now render the concepts of independent sources more precise 
by the following discussions. 


Independent voltage source An independent voltage source is a 
two-terminal device whose terminal voltage v is always equal to 
some given function of time v,(t), regardless of the value of the cur- 
rent flowing through its terminals; for example, v,(¢) = 2 sin ¢. In 
particular, v,(¢) may be a constant function such as Ot) = Ein 
which case, by analogy with direct current (dc) sources, we shall 
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call the voltage source a dc voltage source. We shall use the sym- 
bols shown in Fig. 1-4 to denote an independent voltage source. 
Observe that a dc voltage source is denoted by the standard bat- 
tery symbol in order to conform to popular usage. 


Independent current source An independent current source is a 
two-terminal device whose terminal current i is always equal to 
some given function of time i,(¢), regardless of the value of the 
voltage across its terminals. In particular, i,(¢) may be a constant 
function such as i,(t) = J, in which case we shall call the current 
source a de current source. We shall use the symbols shown 
in Fig. 1-5 to denote an independent current source. Observe that 
a de current source is denoted by the same symbol with the ex- 
ception that i,(Z) is replaced by a constant, J, independent of time. 


Exercise: It is sometimes convenient to define an independent flux-linkage source 
and an independent charge source for the remaining two variables @ and q. State 
an analogous definition for each. 


1-5 CHARACTERIZATION OF A TWO-TERMINAL BLACK BOX 


Among the many physical devices of various complexities we shall 
be concerned in this chapter only with those which possess two 
accessible electrical terminals. Actually, the device may contain 
more than two terminals but only two of these are accessible to 
the external world in the sense that the device may be ex- 
cited only through these terminals. For our purpose, it is con- 
venient to imagine that the device is enclosed in a box and that the 
two accessible terminals are brought out by two connecting wires 
as shown in Fig. 1-6a. We shall call the resulting system a 
two-terminal black box and shall denote it by the symbol shown 
in Fig. 1-6b. It is important to emphasize that the content of the 
box may be as simple as a light bulb or as complicated as 
an arbitrary interconnection of other black boxes as shown in 
Fig. 1-6c. 


(a) (b) (c) 
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(a) (b) 


Fig. 1-4. Symbols for an inde- 
pendent voltage source. 


(a) (b) 


Fig. 1-5. Symbols for an inde- 
pendent current source. 


Fig. 1-6. Symbolic representa- 
tion of a two-terminal black box. 
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Fig. 1-7. An example illustrat- 
ing the characterization of a 
mechanical black box. The data 
points in the v-vs.-f plane were 
found to lie on the horizontal 
axis in (b) and on the ellipse 


in (c). 
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The choice of the term “black box” is quite appropriate here 
because the box is really black inside in the sense that we cannot see 
its contents. As a matter of fact, unless we open the box and peep 
inside, there is no way of determining its contents. However, as 
engineers, we are not so much interested in the contents of the box 
as in knowing what the black box can do and how it behaves ex- 
ternally when it is connected with other black boxes into a net- 
work. In other words, we are primarily interested in predicting the 
external behavior of the black box without having to perform any 
tedious experiment. Our first step toward such an analytical ap- 
proach is to “characterize” the black box. The concepts involved 
in characterizing a black box are so important that we pause here 
to consider a simple but illustrative analogy. 


1-5-1 A MECHANICAL BLACK-BOX ANALOGY 


Suppose we are given the mechanical black box containing a 
“spring” as shown in Fig. 1-7a. Suppose we did not know the con- 
tents of this black box and were asked to predict the behavior of 
the external terminals when an arbitrary force f(f) is applied to 
terminal a of the black box with terminal b fixed against the wall. 
The mechanical variables of interest here are the displacement x 
(displacement to the right of the initial position 0 is assumed 
positive), the velocity v (of terminal a), and the force f (positive 
for tension and negative for compression). Clearly, the only way 
we can hope to characterize this black box (other than opening 
the box) is to start performing some experiments. Suppose we be- 
gin by applying a constant force f= A and measure the corre- 
sponding velocity of terminal a. This would give us a point in the 
velocity-vs.-force plane (/-v plane). By repeating the above experi- 
ment with several values of force f, we obtain the data shown in 
Fig. 1-7b. We might be tempted to draw a smooth curve through 


i A/k 
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these data points (which in this case happen to be the f axis) and 
claim to have characterized the black box in the sense that given 
any constant force f, we can analytically predict the associated 
velocity. However, a little thought will show that we have not 
really characterized the black box yet, for if, instead of applying a 
constant force we apply a slowly varying sinusoidal force, 
f@®=A sin ¢t. The above characteristics would predict that 
u(t) = 0. This is of course contrary to what we expect to observe 
experimentally; namely, v(t) = (4/k) cos t where k is the “spring 
constant.” We might hope that this inconsistency can be resolved 
by plotting all points (fv) satisfying the above equations and ob- 
taining an ellipse as shown in Fig. 1-7c. Observe, however, that 
the length of both axes of the ellipse depends on the amplitude A 
of the sinusoidal force, and for each value of A we would obtain 
a corresponding ellipse, so that eventually the entire fv plane 
would be filled up with data points. Moreover, even if we can 
draw an infinite set of ellipses, we would be able to predict the 
velocity only if f(A) is sinusoidal. Using these ellipses to predict v 
due to nonsinusoidal f(#) would again yield erroneous answers. 
Reluctantly, we must admit that our efforts so far have been in 
vain and that just about the only useful information we obtained 
from the above experiment is that the black box cannot be char- 
acterized by a curve in the fv plane. 

Let us try another set of variables, say the force f and the 
displacement x, and repeat the experiments. As before, we begin 
by applying a constant force f = A and measure the correspond- 
ing displacement x. Repeating this for various values of f, we ob- 
tain the data points shown in Fig. 1-8a. If we draw a smooth 
curve through these points, we obtain a single relationship 


Hemel ys ) 


Before we try to draw any conclusion, however, our previous ex- 
perience suggests that we repeat the experiment with time-varying 
forces to see whether the above relationship still holds. Carrying 
out the proposed experiment with several low-frequency sinusoidal 
waveforms as before, we find that at any time ¢ = %, the data 
point [ f(to),x(to)] always falls on the same curve x = T(f). This 
is very encouraging, but to be sure, we must try some other non- 
sinusoidal waveforms for f(z). Again, we find that, provided /(7) 
does not change very rapidly,! the data point at any time also 
agrees with the curve in Fig. 1-8a. Hence, we can now draw the 
following conclusion: For any f(t) which does not change rapidly, 
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1This condition is actually 

equivalent to the state- 
ment that the frequency 
of the sinusoidal wave- 
form is not very high. This 
will become obvious after 
the reader studies signal 
analysis. 
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Fig. 1-8. As the frequency of 
the forcing function f(¢) in- 
creases, the x-vs.-f character- 
istic of the mechanical black 
box changes from a monotonic 
curve to a hysteresis loop. 


(d) 


the black box can be characterized by the displacement-vs.-force 
(f-x) curve shown in Fig. 1-8a. 

After experiencing the length of time needed to carry out the 
above experiments, we can now begin to appreciate the utility of 
such a conclusion; namely, the characterization of the black box 
permits an analytical solution and thereby eliminates the need to 
carry out any further experiments. 

Observe that our conclusion is based on the assumption that 
f(@ does not change rapidly. Let us now repeat our experiment 
with higher-frequency sinusoidal waveforms, as well as with non- 
sinusoidal waveforms which change rapidly. The experiment 
shows that as we increase the frequency of the sinusoidal force 
f(O, the data points begin to deviate (rather slowly at first) from 
the predicted curve x = T(f). As we increase the frequency fur- 
ther, the data points begin to form a closed loop as shown in 
Fig. 1-85, and the area enclosed by the loop tends to increase with 
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frequency. Similarly, we find that if we apply a nonsinusoidal 
force which changes rapidly with time, the deviation from the 
curve in Fig. 1-8a is even worse. For example, Fig. 1-8c shows the 
fx curve corresponding to the high-frequency nonsinusoidal 
waveform shown in Fig. 1-8d. The above experimental result 
shows that our earlier assumption, that f(# should not change 
very rapidly, is indeed necessary. In order to emphasize this re- 
striction, it is a common practice to call the relationship obtained 
in Fig. 1-8a a static characteristic curve in contrast to the dynamic 
characteristic curve which corresponds to measurements at higher 
frequencies. Since the deviation of the measured characteristic 
curve from the static characteristic increases slowly with fre- 
quency, rather than abruptly, it is impossible to pick a definite 
frequency above which the static characteristic does not hold. 
Neither is it possible to find a single dynamic characteristic curve 
which would hold for all high frequencies. Hence, a certain 
amount of engineering judgment is involved in deciding whether 
a certain static characteristic curve can be used satisfactorily to 
solve a given problem. It is encouraging, however, to know that a 
large percentage of practical networks can indeed be analyzed by 
using only static characteristics. Moreover, even in cases when the 
static characteristic fails to give satisfactory solutions, we shall 
show in the future that we can often patch up the error by includ- 
ing “parasitic elements,” namely, elements which are undesirable 
but which are invariably present in the black box in minute 
quantities. For the above example, the parasitic element consists 
of the mass associated with the spring. At low frequencies, the 
mass, being quite small, has relatively no effect on the measured 
f-x characteristic. However, as the frequency of the external force 
f(@) increases, the acceleration of the spring increases, and the 
inertia force due to the mass becomes appreciable and, in fact, in- 
creases as acceleration increases. The deviation of the dynamic 
characteristic in Fig. 1-8b and 1-8c from the static characteristic 
in Fig. 1-8a can therefore be attributed to the inertia mass of the 


spring. 


1-5-2 STATIC CHARACTERISTICS 
OF A TWO-TERMINAL BLACK BOX 


The above discussion clearly shows the significance of static char- 
acteristics of a black box. Since all characteristics to be considered 
in this book are assumed to be static characteristics, we shall hence- 


forth delete the adjective “static.” 
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Let us now return to the main theme of this section, namely, 
the characterization of a two-terminal black box. Clearly, the only 
way we can hope to achieve this is to perform some meaningful 
external measurements. The only quantities of interest to us are 
those which can be measured externally. For example, the terminal 
voltage v and the terminal current i are of primary interest because 
they can be readily measured. The charge qg and the flux linkage 
g are also of interest because they can be indirectly measured by 
integrating the measured current waveform i(t) and the measured 
voltage waveform v(f) in accordance with Eqs. (1-11) and (1-12), 
respectively. From these measurements, we shall then try to estab- 
lish a relationship, if there is any, between each pair of independ- 
ent variables. Since the members of the pair of variables i and g 
are related by Eq. (1-7), they are not independent. Similarly, the 
variables v and @ are related by Eq. (1-8) and are also not inde- 
pendent. The only remaining combinations consist, therefore, of a 
relationship between the following variables: 


1. Relationship between v and i 

2. Relationship between v and q 
3. Relationship between 7 and » 
4. Relationship between q and 


The last relationship does not occur frequently in practice and has 
little practical significance. Hence, we shall restrict our attention 
throughout this book to only the first three cases. These correspond, 
respectively, to three basic types of two-terminal network elements, 
namely, a two-terminal resistor, a two-terminal capacitor, and a 
two-terminal inductor. 

Our next step is therefore to plot the data in the v-i, v-g, and 
i-p planes, in order to see if the points in any one of these planes 
can be connected to form a curve. In general, this may not 
be possible. For example, suppose the two-terminal black box 
happens to be a capacitance of 1 F. Then from elementary 
physics, we know that the relationship between v and i is i = 
\(dv/dt). But suppose we did not know that the black box contains 
a capacitance and proceeded to plot the data in the v-i plane. . 
Clearly, it is impossible to expect that a curve can be found which 
passes through all data points in the v-i plane; in fact, if we take 
enough measurements, the data points will eventually fill the en- 
tire v-i plane. This is easily seen if we apply a voltage source of 
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the form v(‘) = A sin ¢; since i = dv/dt, we obtain iO) =,ANCOS 7. 
Hence at any time ¢ = fo, we obtain a point (A sin fo, A cos fo) in 
the v-i plane. Observe next that corresponding to each value of A, 
the above points form a circle of radius A since v? + i2 = A2. If 
we vary the value of A from 0 to oo, we would eventually fill up 
the v-i plane with data points, and it would be impossible to find 
a curve passing through these points. On the other hand, if 
we choose to plot the points in the v-g plane, then these points can 
be connected by a smooth curve, namely, the line g = v. Therefore 
if a curve can be found which passes through all possible data 
points in either the v-i, the v-g, or the i-p plane, then the two- 
terminal element is completely characterized by that curve. 


1-6 TWO-TERMINAL RESISTORS 


A two-terminal black box which can be characterized by a curve 
in the v-i plane is called a two-terminal resistor and will be denoted 
by the symbol shown in Fig. 1-9a. Observe that one edge of the 
symbol is darkened in order to distinguish between the two ter- 
minals. This is necessary because the v-i curve measured across 
the two terminals of a resistor is generally different from that 
measured across the same resistor but with the terminals inter- 
changed (see Prob. 1-1).1 


1-6-1 LINEAR RESISTORS 


Among the infinite variety of v-i curves there is an important sub- 
class which consists of straight lines passing through the origin as 
shown in Fig. 1-9b. Resistors of this subclass are called linear 
resistors and will be denoted by the standard symbol shown in 
Fig. 1-9c. Since the v-i curve of a linear resistor is a straight line 
through the origin, it can be described mathematically by i = Gv, 
or v = Ri. The constant G represents the slope of the line and is 
called the conductance. The constant R is defined as the reciprocal 
of G and is called the resistance. The practical unit of conductance 
is the mho. The practical unit of resistance is the ohm and will be 
denoted by Q. A linear resistor is therefore completely character- 
ized by one number, its conductance or its resistance. If the value 
of the resistance is positive, the linear resistor is said to be a posi- 
tive resistor. Otherwise, it is said to be a negative resistor. If R = 0, 
the linear resistor is said to be a short circuit. If R = oo, it is said 


to be an open circuit. 
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Fig. 1-9. Symbols for a two- 
terminal resistor. 


1In view of the nonsym- 
metrical nature of this 
symbol, we may avoid 
drawing voltage polarity 
and current direction signs 
beside the symbol provided 
we agree to assume that 
the darkened edge is the 
negative terminal and that 
the current enters the 
positive terminal. This 
convention will be fol- 
lowed in this book. 
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1This subtle difference is 
not universally recognized. 
In many books, the terms 
resistor and resistance are 
used synonymously. In this 
book, the term resistance 
refers only to a linear 
resistor. 


2To conform with the IEEE 
standard letter symbols for 
semiconductor devices 
(EEE Trans. Electron De- 
vices, vol. Ed-11, no. 8, 
pp. 392-397), we have 
chosen the uppercase letters 
V and J in favor of the 
lowercase letters v and i as 
used in. the context. When- 
ever applicable, we shall 
also follow the latest IEEE 
standards for graphic 
symbols. 


3 In view of its relatively re- 
cent origin, the name and 
symbol for the constant- 
current diode are not uni- 
versally used. The same 
device is sometimes re- 
ferred to as a current- 
limiting diode, a currector, 
a field-effect diode, etc. A 
further discrepancy may 
be found in that portion 
of the v-i curve for nega- 
tive voltages. Depending 
on how the device is made, 
the v-i curve for v<0 
either approximates an 
open circuit (horizontal 
line), as will be assumed 
throughout this book, or a 
short circuit (vertical line). 
Fortunately, this discrep- 
ancy is usually not impor- 
tant because, as will be 
shown later, only the por- 
tion of the v-i curve in the 
first quadrant is actually 
of practical interest. How- 
ever, in any case, if the v-i 
curve for v < 0 approxi- 
mates a short circuit, it 
can always be transformed 
into the v-i curve shown 
in Table 1-1 by connecting 
a junction diode in series 
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It is important to differentiate between the terms resistor and 
resistance, the former refers to a black box, but the latter refers to 
a property associated with the black box.t 


Exercise 1: Explain why it is unnecessary to differentiate between the terminals 
of the symbol for a linear resistor. 


Exercise 2: A certain v-i curve is described by an equation v = 10; + 5. Is this 
a linear resistor? 


1-6-2 NONLINEAR RESISTORS 


If a resistor is characterized by a v-i curve other than a straight 
line through the origin, it is called a nonlinear resistor. In this case, 
the resistor can no longer be described by a single number, and 
hence the entire v-i curve must be given. This may be specified 
either graphically by a curve or analytically by a mathematical 
relationship. For example, consider the set of practical two- 
terminal resistors listed in Table 1-1.2 Since these components are 
all commercially available, they have been given names and sym- 
bols. Each resistor in this table is characterized graphically by a 
typical v-i curve usually supplied by the manufacturer. In some 
cases, it may be possible to derive a mathematical relationship 
which closely approximates a certain v-i curve. For example, from 
physical principles one can show that the v-i curve of a vacuum 
diode can be represented approximately by a 2 power law, namely,* 


i= kis? (1-13) 


where k is a constant which depends on the physical dimensions 
of the internal structure of the diode. Similarly, a semiconductor 


junction diode can be represented approximately by an exponen- 
tial law, namely, 


i= In(e — 1) | (1-14) 


where Jo and k are constants which depend on the physical param- 
eters of the diode. One can also sometimes derive an equation 
which approximates a v-i curve by interpolation and approximation — 
techniques (see Appendix A). For example, the varistor shown in 
Table 1-1 can be represented approximately by the equation 


Oe (1-15) 
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where a and £ are constants which can be determined numerically 
from the curve. In all cases, we must remember that any mathe- 
matical relationship is at best an approximation to the actual v-i 
curve. Moreover, most v-i curves cannot be represented by such 
simple expressions as those given above. Therefore, the most 
general and common method to specify element characteristics is 
to describe the curve in graphical form. 


1-6-3 CLASSIFICATION OF v-i CURVES 


In order to be able to use the nonlinear resistors effectively in a 
practical design, it is necessary to classify v-i curves into various 
categories. For example, the v-i curves of the first three resistors 
in Table 1-1 have one property in common; namely, for each pair 
of points (v1,/;) and (v2,i2) on the curve, we observe that whenever 
V1 > v2, then i; > iz. Such elements are said to be strictly mono- 
tonically increasing resistors. An examination of the v-i curves of 
the zener diode and the constant-current diode shows that they 
are not strictly monotonically increasing because if we pick a pair 
of points with voltages v; > v2 along the horizontal portions of the 
v-i curve, then i(v1) > i(v2). However, these v-i curves have another 
common property; namely, i(vy) > i(v2) for any vy > v2. Such ele- 
ments are said to be monotonically (but not strictly) increasing 
resistors. The v-i curves of the tunnel diode and the remaining re- 
sistors below it are not monotonically increasing because each v-i 
curve has a portion having negative slopes (di/dv < 0). Such ele- 
ments are sometimes called negative-resistance elements. Another 
common characteristic of a negative-resistance element is that 
either the voltage is a multivalued function of current (more than 
one voltage corresponds to some given value of current) or the 
current is a multivalued function of voltage (more than one cur- 
rent corresponds to some given value of voltage). In the first case, 
the current is a single-valued function of the voltage (but not vice 
versa); that is, 
i= i(v) (1-16) 
and is therefore called a voltage-controlled resistor. In the second 
case, it is the voltage which is a single-valued function of current, 


that is, 


v = v(i) (1-17) 
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with the constant-current 
diode. For more informa- 
tion concerning this device, 
the reader is referred to 
J. M. Carroll, “Microelec- 
tronic Circuits and Appli- 
cations,” pp. 234 and 235, 
McGraw-Hill Book Com- 
pany, New York, 1965; 
and J. M. Carroll, “Tunnel- 
Diode and Semiconductor 
Circuits,” pp. 122-128, 
McGraw-Hill Book Com- 
pany, New York, 1963. 


4J. Langmuir, The Effect 
of Space Charge and Re- 
sidual Gases on Therm- 
ionic Currents in High 
Vacuum, Phys. Rev., vol. 2, 
pp. 450-486, 1913. 

5J. F. Gibbons, 
conductor Electronics, 
McGraw-Hill Book Com- 
pany, New York, 1966. 
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TABLE 1-1 Practical two-terminal resistors. 


Name Symbol 


v-i characteristic curve 


if 


& 


Vacuum diode 


Selenium diode 


Semiconductor 
(junction ) diode 


Zener (avalanche, 


breakdown ) diode u 


+ 
4 
+ 


I 
i 
I 


+ 
Constant-current 7 
diode 


10 


>V, volts 


>V, volts 


V, volts 


V, volts 
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Name Symbol v-i characteristic curve 
AI, ma 
Varistor > V, volts 
Solion liquid 
diode 
t—> V_ volts 


Tunnel resistor 


Back diode 


Tunnel diode 


ia 


0.4 


{—— + a -% 
100 200 300 V, mv 
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TABLE 1-1 (Continued) 


Name 


Symbol v-i characteristic curve 


Four-layer diode 


Glow tube 


Trigger diode 


Superconducting 
tunnel junction 


AI, ma 
30+ 


+—> V, volts 


st >V, volts 
|0 100 200 
+—40 


+-80 


V, volts 


>V, volts 


| Sy + | Ss} + i] < + | < + 
+ b 
| lise 
ie) 
cal 
& 
+ bop 


1 More generally, any curve 
in the x-y plane is said to 
be an x-controlled curve 
if it is a single-valued 
function of x and a 
y-controlled curve if it is a 
single-valued function of y. 


and is therefore called a current-controlled resistor.1 For example, 
the tunnel diode is a voltage-controlled resistor but the glow tube 
1s a current-controlled resistor. Observe that a strictly monotoni- 
cally increasing resistor is both voltage-controlled and current- 


controlled and can therefore be described either in the form 
of Eqs. (1-16) or (1-17). 
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Another important property shared by some v-i curves is 
their symmetry with respect to the origin. Such elements are 
called bilateral resistors because in this case the two terminals may 
be interchanged without affecting the v-i curve (see Prob. 1-1). 
For the resistors listed in Table 1-1, the varistor, the glow tube, 
the trigger diode, and the superconducting tunnel junction are the 
only bilateral resistors. The rest are nonbilateral. 


Exercise 1: It is sometimes convenient to describe a voltage-controlled resistor 
by an equation of the formi = G(v)v and a current-controlled resistor in the form 
v = R(i)i. Find the functions G(v) and R(i) in terms of i(v) in Eq. (1-16) and v(i) 
in Eq. (1-17). Give a geometrical interpretation of G(v) and R(i). 


Exercise 2: Is a monotonically (but not strictly) increasing resistor both current- 
controlled and voltage-centrolled? If not, under what condition is it voltage-con- 
trolled? When is it current-controlled? 


Exercise 3: A resistor which is neither voltage-controlled nor current-controlled 
is said to be a multivalued resistor. Give an example of a multivalued resistor. Can 
you describe a multivalued resistor in the form of Eq. (1-16) or (1-17)? Explain 
why. (See Appendix A.) 


1-6-4 v-i CURVES OF DC SOURCES AND IDEAL DIODES 


On many occasions we shall find it convenient to consider a de 
voltage source and a dc current source as nonlinear resistors. This 
interpretation is valid because, by definition, a dc voltage source 
with terminal voltage E can be represented by a vertical linev = E 
as shown in Fig. 1-10a. Similarly, a de current source with terminal 
current J can be represented by a horizontal line i = J, as shown 
in Fig. 1-10b. In the special case where E = 0, the v-i curve of Fig. 
1-10a becomes the v = 0 axis as shown in Fig. 1-10c. Since this 
coincides with the v-i curve of a short circuit, a voltage source 
with zero terminal voltage is equivalent to a short circuit. Similarly, 
when J = 0, the v-i curve of Fig. 1-105 becomes the i = 0 axis, as 
shown in Fig. 1-10d. Since this coincides with the v-i curve of an 
open circuit, a current source with zero terminal current is equiva- 
lent to an open circuit. Finally, a two-terminal resistor which does 
not exist in practice, but which is very useful conceptually, is the 
ideal diode whose symbol and v-i curve are shown in Fig. I-lla 
and b, respectively. Analytically, an ideal diode is described by 


i=0 for allu <0 
v= 0 for all i > 0 (1-18) 
pa a0 for all v andi 
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Fig. 1-10. The v-i curves of a 
dc-voltage source, a de-current 
source, a short circuit, and an 
open circuit have one common 
property: they consist of either 
a vertical line or a horizontal 
line. 
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+ 


(a) 


je) 


(b) 


Fig. 1-11. The symbol and v-i 
curve of an ideal diode. 
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Observe that the last constraint is introduced to eliminate any 
point in the fourth quadrant from becoming a part of the v-i curve. 
It is also important to observe that an ideal diode becomes an 
open circuit for all v < 0 and a short circuit for all i > 0. 

Before we leave this section, we wish to emphasize that the 
class of practical nonlinear resistors is not restricted to those 
listed in Table 1-1. In fact, when we reach Chap. 6, we shall 
be able to synthesize nonlinear resistors with almost any pre- 
scribed v-i curve of practical interest. 


Exercise 1: Find the v-i curve of the ideal diode but with its terminals inter- 
changed. Describe this curve analytically. 


Exercise 2: A time-varying independent source may be represented by a family 
of v-i curves with the time ¢ as a parameter. Sketch the v-i curves of a voltage 
source with terminal voltage v,(t) = 2¢ and a current source with terminal cur- 
rent i,(¢) = 10 sin at. 


1-6-5 SOME PRACTICAL APPLICATIONS 
OF TWO-TERMINAL NONLINEAR RESISTORS 


What are nonlinear resistors good for? How do we make use of 
their v-i curves to design practical electronic gadgets? Do certain 
types of v-i curves seem more appropriate for one application 
than another? These are some of the questions that will be an- 
swered in the latter part of this book, after we have built up 
enough theory to understand the basic principles involved in 
a practical design. However, to satisfy the impatient reader, we 
shall present in this section a qualitative description of some 
typical applications. Needless to say, this oversimplified treatment 
will become more quantitative and precise as the reader gains 
more ground in the subsequent chapters. 


Rectification In many practical applications such as electroplat- 
ing, the power supply must be restricted to a single-polarity volt- 
age or current source. Since the most economical power source is 
60-Hz sinusoidal voltage, it is desirable to transform this alternat- 
ing voltage into a single-polarity voltage. This conversion process 
is called rectification, and any network that carries out the desired 
transformation is called a rectifier. The simplest rectifier consists 
of an ideal diode in series with a linear resistor, as shown in Fig. 
1-12. When the input voltage v;(Z) is positive, the diode becomes a 
short circuit and v,(t) = u,(t). However, when the input voltage 
uit) is negative, the diode becomes an open circuit and OAL) = 0. 
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The result is that the output voltage becomes zero during every 
other half cycle and is therefore a single-polarity voltage. Of 
course, this rectifier is an idealized circuit since it uses an ideal 
diode which does not exist in practice. However, an examination 
of Table 1-1 suggests that a practical rectifier may be constructed 
by replacing the ideal diode in Fig. 1-12 by a vacuum diode, 
a selenium diode, or a semiconductor junction diode. 

The above procedure for arriving at a practical design by de- 
riving first an idealized network (which is usually much easier to 
come by) and then approximating it by a practical circuit is a 
universal principle of creative design. This principle is based on the 
intuition that if two networks differ from each other only slightly 
(e.g., the v-i curves of corresponding resistors differ only slightly), 
then the corresponding voltage and current waveforms of the two 
networks must also differ only slightly. Mathematically, this is 
analogous to the variation of a continuous function; namely, a 
small variation in the value of the independent variable produces 
a correspondingly small variation in the value of the dependent 
variable. Because of its practical importance, we shall call the 
above assumption the small-variation postulate. 


Frequency multiplication Another very common application of non- 
linear resistors is to convert a low-frequency signal into a high- 
frequency signal. The ability to do this is instrumental in virtually 
all communication systems ranging from the simplest walkie- 
talkie to the most complex telemetry systems between artificial 
communication satellites. Amazingly, the principle for obtaining 
frequency multiplication is based on a simple observation from 
high school trigonometry; namely, the nth power of a sine or 
cosine function contains higher-harmonic components. For exam- 
ple, sin’ x = % sin x — % sin 3x, cost x = % + % cos 2x + 
% cos 4x, etc. Hence, if the v-i curve of a nonlinear resistor is de- 
scribed by a polynomial 


i= do + aw + agv? + azv? + --- + Gv" (1-19) 


Fig. 1-12. An ideal rectifier 
converts a sinusoidal input vol- 
tage into a single-polarity out- 
put voltage. 
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1The design of filters is a 
very well-developed sub- 
ject and is usually given 
in a senior-level course 
called network synthesis. 
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then upon applying a voltage signal v = A sin w/, we obtain, with 
the help of various standard trigonometric identities, the expression 


i(t) = do + ax(A sin wt) + a2(A sin wt)? + 
ax(A sin wf)? + --- + a,(A sin wt)” 
= bo + by sin wt + be sin 2wt + b3 sin 3wt + --- + b, sin nwt 
+ C1 COS wt + C2 COS 2wt + C3 COS 3wt + +--+ + Cy COS nwt 
(1-20) 


Observe that although the voltage consists of a sinusoidal signal of 
angular frequency w, the resulting current contains a constant 
term bo, a component of the same frequency w, and a number of 
higher-harmonic components 2w, 3w,..., nw. In practice, any of 
these harmonic components can be extracted by interposing a net- 
work known as a filter which essentially suppresses all other com- 
ponents except the desired one.! In fact, we could even avoid the 
use of filters if we could obtain nonlinear resistors with suitable 
v-i curves. For example, to generate a third-harmonic signal, we 
apply a well-known trigonometric identity 


cos 3x = 4 cos? x — 3 cos x (1-21) 
to obtain the desired v-i curve, 

i= 4v3 — 3v (1-22) 
Hence, if v = cos wf, then 

i(t) = 4 cos? wt — 3 cos wt = cos 3wt (1-23) 


which is the desired third harmonic. The next step then consists of 
finding a practical nonlinear resistor with a v-i curve which 
approximates Eq. (1-22). Unfortunately, no commercially avail- 
able resistor is close enough even as an approximation. Hence, it 
would be necessary to synthesize this v-i curve using commercially 
available resistors as building blocks. The principles and tech- 
niques for synthesizing arbitrary v-i curves will be given in Chap. 8. 


Exercise 1: Find the values of the coefficients WO Din, oo pr Elalel iy Ge, ah. Oa 


in Eq. (1-20) in terms of the constant 4 and the coefficients Gly Oily GP 3 3 oy Cp 
where n = 5. 
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Exercise 2: Using Eq. (1-21), find the desired v-i curve for converting a 100-volt, 
60-Hz sinusoidal voltage into a 10-amp, 180-Hz sinusoidal current. 


Exercise 3: Verify the trigonometric identity cos> x = % cos x + %e6 cos 3x + 
"%e6 cos 5x and find the desired v-i curve for converting a 1-ma, 1-kHz sinusoidal 
current waveform into a 1-volt, 5-kHz sinusoidal voltage waveform. 


Frequency mixing Given two sinusoidal waveforms with commen- 
surate angular frequencies w; and w» (that is, the ratio w1/ws is a 
rational number), we are frequently interested in generating a new 
sinusoidal waveform with a frequency given by (mw; + nwe), 
where m and n are any integers, including zero. Each new fre- 
quency corresponding to a given combination (m,n) is called a 
beat frequency and will be denoted by mn. One of the most 
common requirements in signal processing (e.g., a radio receiver 
or an electronic organ) is the generation of appropriate beat fre- 
quencies.1 We shall now demonstrate that in order to generate 
beat frequencies, it is necessary to perform a nonlinear operation. 
Again, the basis for doing this is given by the well-known trigono- 
metric identities: 


sin x siny = % [cos (x — y) — cos (x + y)] (1-24) 
and 
sin x cosy = % [sin(x + y) + sin (x — y)] (1-25) 


To demonstrate how we generate beat frequencies, consider 
applying two voltage sources vj = A sin wyf and ve = Bsin wef in 
series with a nonlinear resistor with a v-i curve given by i = v°. 
The current i(¢) is given by 


i(t) = (A sin w,t + B sin wet)? 
= A3 sin3 wt + 3A2B sin? wf sin wet 
4+ 3AB? sin wif sin? wet + Be sin? wet 


If we now apply Eq. (1-25) and a number of standard trigonomet- 
ric identities, we obtain, upon simplification, the expression 


i(t) = (a1 sin w;t + by sin wet) + (a2 sin 3w3t + be sin 3 Wet) 
+ [a3 sin (we _ 2w)t + b3 sin (we + 24)t] 
+ [a4 sin (@4 — 2we)t + bg sin (@4 + 2w2)t] (1-26) 
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1The beat frequency is also 
called a sideband frequency 
and the collection of all 
beat frequencies is usually 
called sidebands. The defi- 
nitions of beat frequency 
and sidebands are mean- 
ingful even if w; and w2 
are not commensurate 
with each other. 
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Fig. 1-13. The voltage across 
the black box N is constrained 
to nonpositive values by con- 
necting an ideal diode in par- 
allel with NV. 
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where the coefficients a;, b; are functions of A and B. Observe that 
in addition to sinusoidal terms having the same frequencies as the 
driving sources, the current i(r) also contains the third-harmonic 
terms with frequencies 3w, and 3w2 and the beat-frequency terms 
with frequencies (wz + 2w1) and (w; + 2we). In the more general 
case where the v-i curve is described by a polynomial, we can ex- 
pect, in general, sinusoidal terms with harmonic frequencies mw 
and nw2, as well as beat frequencies mw; + nwy. In practice, any 
one of these beat frequencies may be extracted through a filter. 
This principle is widely used in telephone systems. 


Exercise 1: Give an example of a pair of sinusoidal waveforms with incommen- 
surate (i.e., not commensurate) frequencies. Is the sum of these two waveforms 
periodic? 


Exercise 2: A speech synthesizer is an electronic system designed to simulate 
the human voice. An important component of this system is a mixer for generat- 
ing as many beat frequencies as possible. Assuming that the v-i curve of the re- 
sistor is described by a polynomial, what must the general form of the polynomial 
be in order to generate beat-frequency terms with m and n equal to 0, 1, +2, 
and +3? 


Limiting Any nonlinear resistor R with a v-i curve containing a 
(nearly) vertical segment can be used to limit the voltage across a 
two-terminal black box connected in parallel with R. For example, 
we can limit the terminal voltage across the black box N shown 
in Fig. 1-13a to nonpositive values by connecting an ideal diode 
across N as shown in Fig. 1-135. This is because by definition, the 
voltage across an ideal diode is given by v < 0. 


Physical 
voltage source 


aoe oa | 


a 
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Physical 
voltage source 


(0) 


A paradoxical situation arises when one questions what hap- 
pens if a voltage source with a positive terminal voltage (say v, = 
2 volts) is connected across the network shown in Fig. 1-13b. By 
definition, the terminal voltage of this voltage source must remain 
constant regardless of the external network connected across it. 
But also by definition, the voltage across an ideal diode cannot be 
positive. The basic problem here is that we are connecting two in- 
compatible ideal elements in parallel, thereby rendering the 
definitions inconsistent. In other words, this paradox arises 
because of an overidealization. It is no different from many 
paradoxes of a similar nature, most notably among which is the 
paradox: “What happens if one connects a short circuit across a 
voltage source with a nonzero terminal voltage?” The best way to re- 
solve this type of paradox is to exclude all such incompatible con- 
nections. But how can we forbid anyone from making an 
incompatible connection in practice? The answer is that there is 
no such thing as an incompatible connection in practice because 
there are no such things as an ideal voltage source and an ideal 
diode. Any physical voltage source has a small internal resistance 
R, in series with it, as shown in Fig. 1-13c. Once we introduce R;, 
the paradox disappears because whenever v,(t) becomes positive, 
the diode becomes a short circuit and the entire voltage appears 
across R;. Hence, the voltage across N can never be positive. 

The same principle can be applied to limit the voltage across 
N from exceeding a prescribed value Eo. For example, if we con- 
nect a zener diode with a constant voltage E, = Ep across N as 
shown in Fig. 1-14a, then from the v-i curve of the zener diode 
shown in Fig. 1-14b (observe that the reference polarity and direc- 
tions are opposite to those shown in Table 1-1) it is clear 
that 0 < v < Ep. This circuit is commonly used for overload pro- 
tection. For example, in a typical application, the black box 
N consists of a sensitive instrument (such as a voltmeter) whose 
maximum permissible voltage is equal to Eo. 
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Fig. 1-14. The voltage across 
N is limited to a maximum 
value equal to the constant 
voltage Eo of the zener diode. 
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Fig. 1-15. The current enter- 
ing N is limited to a maximum 
value equal to the constant 
current Jo of the constant- 
current diode. 


Fig. 1-16. Symbols for a two- 
terminal capacitor. 
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By analogous reasoning, any resistor R with a v-i curve con- 
taining a (nearly) horizontal segment can be used to /imit the cur- 
rent entering a black box connected in series with R. For example, 
if we connect a constant-current diode with constant current Jp in 
series with N as shown in Fig. 1-15a, then from the v-i curve of 
the constant-current diode shown in Fig. 1-154 it is clear that 
0 <i< Io (the resistor R, is introduced to avoid a similar 
paradox). 


Exercise 1: The maximum permissible range of voltages of a hypersensitive 
instrument is given by —10 < vu < 5. Design an overload protection circuit and 
specify the v-i curve of any nonlinear resistor used in the circuit. 


Exercise 2: Explain what happens if i;(¢) > Jo in the circuit shown in Fig. 1-15. 
Replace the constant-current diode with an appropriate nonlinear resistor so as 
to limit the terminal current entering N to |i| < 20 ma. 


1-7 TWO-TERMINAL CAPACITORS 


A two-terminal black box which can be characterized by a curve 
in the v-q plane is called a two-terminal capacitor and will be de- 
noted by the symbol shown in Fig. 1-16a. Observe that one edge 


of this symbol is darkened for the same reason as it was for the 
resistor. 


1-7-1 LINEAR CAPACITORS 


An important subclass of capacitors can be characterized by a 
straight line through the origin of the v-q plane, as shown in 
Fig. 1-165. This subclass is called linear capacitors and will be de- 
noted by the conventional symbol shown in Fig. 1-16c. A linear 
capacitor can be described analytically by 


q = Cv (1-27) 
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where the constant C represents the slope of the straight line and 
is called the capacitance associated with the capacitor. The unit of 
capacitance is the farad and will be denoted by F. To find the cur- 
rent entering a linear capacitor, we substitute Eq. (1-27) for g in 
Eq. (1-7) and obtain 


i(t) = cXo (1-28) 


A linear capacitor is therefore completely characterized by one 
number, namely, its capacitance. Again, we would differentiate 
between the terms capacitor and capacitance. 


1-7-2. NONLINEAR CAPACITORS 


If a capacitor is characterized by a v-q curve other than a straight 
line through the origin, it is called a nonlinear capacitor. In this 
case, the capacitor can no longer be described by a single number, 
and hence the entire v-q curve must be given. An example of 
a practical, nonlinear capacitor is the metal-oxide-semiconductor 
(MOS) capacitor whose v-g curve is shown in Fig. 1-17a. This 
nonlinear capacitor is used quite extensively in integrated circuits, 
where the conventional linear capacitor becomes impractical to 
fabricate. Although there are at present only a few practical non- 
linear capacitors available commercially, it is expected that more 
will become available in the near future. In fact, as will be shown 
in Chap. 3, it is possible to synthesize a capacitor with any pre- 
scribed v-q curve with the help of a new network component 
called the mutator. 

There are other reasons for studying nonlinear capacitors. 
One reason is that components of many physical and biological 
systems behave in a manner analogous to that of a nonlinear 
capacitor. Hence the study of such systems can often be achieved 
by constructing an electrical network model to simulate the be- 
havior of these systems. A simple example is the displacement-vs.- 
force curve of the nonlinear spring shown in Fig. 1-7a. This 
mechanical element is usually modeled by a nonlinear capacitor 
with a similar v-g curve, as shown in Fig. 1-175. Another example 
is given by the volume-vs.-pressure curve of the ventilatory part of 
the human respiratory system. This biological component can be 
modeled by an analogous v-g curve as shown in Fig. 1-17c. 

We shall denote the v-q curve of a nonlinear capacitor by 


q = q) ae 
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Fig. 1-17. The v-q curves of 
three typical nonlinear capaci- 


tors. 


Aq 
—2> U 
O 
(a) 
it 
>U 
O 
(6) 
Aq 
>U 
O 


(c) 
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if it is voltage-controlled, and by 
v = oq) (1-30) 


if it is charge-controlled. For a voltage-controlled capacitor, the 
current entering the capacitor can be expressed in a form analo- 
gous to Eq. (1-28); thus 


CE AOU) 


Aig apace: 

er 

i) = Coy 2 (1-31) 
where 

Cn) = 40 (1-32) 


is called the incremental capacitance of the capacitor. Notice that 
the incremental capacitance is a function of the capacitor voltage 
and becomes a constant only in the case of a linear capacitor. 


Exercise 1: A typical nonlinear capacitor is characterized by the v-g curve 
q = kv3/2, where k is a physical parameter. (a) Find the incremental capacitance 
C(v). (b) If the applied voltage is given by v(t) = % cos? #, find the charge g(t) and 
the current i(t) = dq(t)/dt. (c) Calculate i(¢) by using Eq. (1-31). 

Exercise 2: An abrupt-junction diode is a semiconductor p-n junction which be- 
haves like a capacitor, provided the voltage across the junction is less than 
0.5 volt. Its incremental capacitance is given by C(v) = k(@ — v)~1/", where k, 
¢, and n are constants which depend upon the parameters of the device. (a) Plot 
the incremental capacitance on logarithmic paper for the range —100 <v< 0.5 
volt. (Assume k = 80 x 10-12, 6 = 0.5, andn = 2.) (b) What are the maximum 
and the minimum values of the capacitance (in picofarads or 10-12 F) within this 
range of applied voltage? (c) Do you have sufficient information to recover the 
v-q curve? If not, what additional information do you need? 


1-7-3. SOME PRACTICAL APPLICATIONS 
OF TWO-TERMINAL NONLINEAR CAPACITORS 


What are nonlinear capacitors good for? Can they do useful 
things which nonlinear resistors cannot? The answer to the 
second question is obviously yes, for otherwise we would not be 
studying them. In addition to being able to do a number of things 
described earlier for resistors, a nonlinear capacitor can do better 
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in certain cases. Although we do not yet have the background 
necessary to demonstrate this assertion, suffice it to say that both 
nonlinear resistors and capacitors are capable of generating higher 
harmonics. However, with an appropriate design, it is possible to 
extract more output power in any given harmonic component 
from a nonlinear capacitor than from a nonlinear resistor. This 
means that a nonlinear-capacitor-frequency multiplier has a higher 
efficiency than a nonlinear-resistor-frequency multiplier. In addi- 
tion to this application, a few of the many other useful functions 
are briefly described as follows. 


Frequency division In many practical systems, it is desirable to 
convert a given sinusoidal signal of frequency w; into another 
sinusoidal signal of a lower frequency w2; namely, we = w1/n, 
where n is an integer. In this case, the lower-frequency output 
signal is said to be a subharmonic of the higher-frequency output 
signal. It can be shown that a nonlinear resistor cannot generate 
subharmonics. To demonstrate that a nonlinear capacitor can 
generate a subharmonic signal, consider a nonlinear capacitor 
whose incremental capacitance is given by 


ey A RS ys 
Coy = SS (1-33) 


If we apply a voltage v(t) = sin wt across this capacitor, the cur- 
rent i(t) can be calculated from Eqs. (1-31) and (1-33); thus 


i) = eS ee (w cos wf) 


2(1 — sin? wf?) 
(" — COs wi 
2 cos? wt 


= /— COS = wsin St (1-34) 


Hence, the output current is a sinusoid with frequency equal to 
half the original frequency. The phenomenon of subharmonic 
generation by a nonlinear capacitor has been utilized in many 
practical applications. One application consists of utilizing the two 
“distinct” frequencies as the two distinct states in designing a 
digital computer. Another interesting application consists of con- 
verting the high-frequency output of a laser beam into a lower- 
frequency signal. 


1/2 
) (w COs wf) 
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Fig. 1-18. A nonlinear capaci- 
tor can be used as a tuning 
element by varying the dc volt- 
age E across the capacitor. 
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Parametric amplifier Just as with nonlinear resistors, it is possible 
to generate beat-frequency components by applying two sinusoi- 
dal signals of frequencies w1 and w, in series with a nonlinear 
capacitor. It can be shown that if one of the two signals (say 
vy = A sin wif) is very weak while the other signal (say v2 = 
B sin wot) is very strong, it is possible to extract (with the help of 
filters) the signal with frequency «; and at the same time greatly 
amplify its amplitude, say v. = 1,000 A sin wt. The result is that 
we have an amplifier. For reasons that we are not equipped 
to elaborate here, this amplifier is called a parametric amplifier. It 
is widely used in artificial satellites because it has some definite 
advantages over conventional amplifiers. 


Electronic tuning Suppose we connect a voltage source u,(f) and a 
battery with terminal voltage E in series with a nonlinear capaci- 
tor as shown in Fig. 1-18a. For simplicity, let the v-q curve 
be given by g = % v3 as shown in Fig. 1-185. Then its incremental 
capacitance is given by C(v) = v?, as shown in Fig. 1-18c. Now in 
many electronic systems, such as a radio receiver, the signal v,(A) 
is very small (say, a few millivolts) compared with the value of the 
dc voltage E. Hence, for most practical purposes, the incremental 
capacitance 


C(v) = C(t) + E) = C(E) (1-35) 


can be considered to depend only on the value of E. In this case, 
Eq. (1-31) becomes 


Ove OE) 2 (1-36) 


Since C(Z) is no longer a function of time, Eq. (1-36) is identical 
with Eq. (1-28) which describes a linear capacitor. The only differ- 
ence is that we can change the value of the capacitance by simply 
changing the value of E. This observation is of great practical im- 
portance. One immediate application is in the area of electronic 
tuning. The conventional way to tune a radio receiver from one 
station to another is to turn a knob which moves the tuning dial. 
Any one who opens up the cover of a radio receiver would recog- 
nize that this tuning knob is used to rotate the plates of an 
air capacitor, thereby changing the value of its capacitance. 
In other words, the standard tuning process consists of adjusting 
the value of a capacitor mechanically. This operation can now be 
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replaced by a nonlinear capacitor connected as shown in Fig. 
1-18a where the tuning is accomplished by adjusting the voltage 
E. This method is clearly far superior to the use of bulky air ca- 
pacitors. In fact, this technique of electronic tuning is fast becom- 
ing a standard method in electronic systems. 


Exercise 1: Find the incremental capacitance C(v) required to generate a 30-Hz 
subharmonic sinusoidal current waveform from an input voltage u(t) = 100 cos 
1207t. HINT: Make use of the trigonometric identity 


SiGK SAY 5 uae 
Z 2 


Exercise 2: A common nonlinear capacitor used for electronic tuning is the 
varactor diode. \t is characterized by a v-q curve q(v) = —(%)Codo(1 — v/d0)?/3, 
where Co and ¢o are constants which vary from device to device. When v = O, 
the incremental capacitance was measured to be equal to 60 pF. (a) Derive the 
incremental capacitance C(v). (6) If ¢9 = 0.35, find the range of the input volt- 
age required to tune the capacitance from 5 to 100 pF. To operate the varactor 
as a nonlinear capacitor, the voltage must not exceed 0.35 volt. 


1-8 TWO-TERMINAL INDUCTORS 


A two-terminal black box which can be characterized by a curve 
in the i-p plane is called a two-terminal inductor and will be 
denoted by the symbol shown in Fig. 1-19a. The darkened edge 
of this symbol has the same significance as before. 


1-8-1 LINEAR INDUCTORS 


An important subclass of inductors can be characterized by a 
straight line through the origin of the i-p plane as shown in Fig. 
1-19b. This subclass is called linear inductors and will be denoted 
by the conventional symbol shown in Fig. 1-19c. A linear inductor 
can be described analytically by 
ga Li (1-37) 
where the constant L represents the slope of the straight line and 
is called the inductance associated with the inductor. The unit of 
inductance is the henry and will be denoted by H. To find the volt- 
age across a linear inductor, we substitute Eq. (1-37) for p in 
Eq. (1-8) and obtain 


di) 
dt 


u(t) = L (1-38) 
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Fig. 1-19. Symbols for a two- 
terminal inductor. 
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Fig. 1-20. The i-p curve of 
three practical nonlinear in- 
ductors. (a) 


A linear inductor is therefore completely characterized by one 
number, namely, its inductance. Again, we would differentiate be- 
tween the terms inductor and inductance. 


1-8-2. NONLINEAR INDUCTORS 


If an inductor is characterized by an i-p curve other than a 

straight line through the origin, it is called a nonlinear inductor. In 

this case, the inductor can no longer be described by a single 

number, and hence the entire i-p curve must be given. For example, 
Fig. 1-20a shows the i-y curve of a typical nonlinear inductor. 

Another common nonlinear inductor consists of a coil wound 

around an iron core. Its i-p curve (obtained by applying a sinusoi- 

dal current excitation) is shown in Fig. 1-20b. This curve is a 

multivalued function of both 7 and y and is commonly referred to 

as the hysteresis loop. Observe that starting at point a with i = 0, 

the flux linkage p increases with i along the path a-b-c. Upon 

reaching point c when 9 attains its maximum value, the flux link- 

age p does not retrace the original path. Instead, it decreases with 

the current i along the path c-d-e-f, Upon reaching point f when i 

attains its minimum value, the flux linkage returns to point a to 

‘Actually, this hysteresis complete the loop. The shape of the hysteresis loop depends on 

me a ae nace the type of material used for the core. For certain materials, the 
that the current waveform hysteresis loop is almost rectangular, as shown in Fig. 1-20c. 


pe eerauiiie the We shall denote the i- curve of a nonlinear inductor by 
periodic excitations, the 

hysteresis loop becomes 

much more complicated. P = pi) (1-39) 
A complete characteriza- 
tion of elements described 
by hysteresis loops is a 
very difficult and still un- 


solved problem. i= i(q) (1-40) 


if it is current-controlled, and by 
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if it is flux-controlled. In the case of a current-controlled inductor, 
the voltage across the inductor can be expressed in a form analo- 
gous to Eq. (1-38); thus 


u(t) = ain — 49(i) did) 


t dimwedt 
ot 
x) = Li) 2 (1-41) 
where 
Li) = (1-42) 


is called the incremental inductance of the inductor. Notice that for 
a linear inductor, the incremental inductance coincides with the 
inductance, as it should. 


Exercise 1: The i-g curve of a certain nonlinear inductor can be represented ap- 
proximately by the cubic equation » = 73. If the inductor is connected across a 
current source with terminal current i,(¢) = sin t, find and sketch the incremen- 
tal inductance L(i) and the inductor voltage v(¢). 


Exercise 2: An inductor is said to be the ‘‘dual’’ of a capacitor, and vice versa, 
because there exists a one-to-one correspondence between the two elements. Ex- 
hibit a list of corresponding quantities. 


1-8-3. SOME PRACTICAL APPLICATIONS 
OF TWO-TERMINAL NONLINEAR INDUCTORS 


What are nonlinear inductors good for? Where are they used in 
practice? To answer these questions would again require more 
background than we have at present. However, it is instructive to 
describe a few simple applications. 


Frequency conversion Just as is true of capacitors, a nonlinear in- 
ductor is capable of generating both harmonics and subharmonics 
of a given sinusoidal signal. It can be shown to have the 
same efficiency as does a nonlinear capacitor. This property is 
widely used in telephone systems. 


Memory and storage Consider the rectangular hysteresis curve 
shown in Fig. 1-20c. Observe that when i = 0, p may assume 
either one of two distinct values (point a or point d) depending 
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on the previous history of the excitation current. These two 
distinct states can be used to represent the two states (0 and 1) in 
a digital computer. When many of these elements are combined 
properly, the result is a “memory” or “storage” device to store 
present information for future use. While there are many other 
candidates, this memory device has some significant advantages. 
One is that in both states i = 0, and hence no power is being con- 
sumed. Since hundreds and thousands of these elements are used 
in a practical computer, the saving in power cost is enormous. 


1-9 ENERGY AND POWER 


The energy flow into a two-terminal black box during any time 
interval (¢o,¢1) is by definition the time integral of power from fo 
to 44; namely, 


w(to,f1) = {. ” U(A)i(t) dt (1-43) 


Since w(¢o,f1) is a relative quantity depending on the time interval 
(to,t1), 1t is convenient for us to define another related but absolute 
quantity by letting fo equal zero and ft; approach infinity, and then 
take the average of the energy flow over the entire infinite time 
interval; namely, 


Pay = lim a (1-44) 


Since the quantity P,y has the dimension of energy per second, it 
is called the average power. Substituting Eq. (1-43) into Eq. (1-44), 
we obtain the explicit expression 


: eae . 
Pav til se ‘ - 
im 7 {, u(t)i(t) dt (1-45) 


tom 


To illustrate the use of this formula, let us calculate the average 


power entering a 4-( linear resistor due to an applied voltage 
v(t) = 2 sin at; thus 


Pay 


Il 


: 1 ty . i 
lim — iE (2 sin zt) (2207) dt (1-46) 


to h 


pee jim (4 — 27h) _ 


th Ant; 
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In the case where the voltage v(¢) and current i(?) are periodic 
functions with commensurate periods T, and T;, respectively, the 
power p(t) = v(d)i(2) will also be periodic. However, the period of 
p() is not necessarily equal to T, or T;. For the example considered 
in Eq. (1-46), T, = T; = 2, but the period of p(t) is 1. If we 
denote the minimum period of p(t) by T, then 


pit + nT) = v(t + nT)i(t + nT) = pit) (1-47) 


In this case, it is more convenient to let 4; = nT and rewrite EG 
(1-45) in the equivalent form: 


ar: yi? nT 4 
Pay = lim —— f, v(t)i(t) dt 


im -.| [Pow@ia at + f°? ooicy at 


n—-> co se 
nT % 
a a cg ae jee u(A)i(0) dt| 


= lim an [PF ooito dt| 


noo nT 


Seth Wy Pires 5 
lim — , v(t)i(t) dt 


Since the variable n no longer appears in this integral, the limit 
operation is superfluous and can be removed. Hence, for periodic 
signals, the average power can be written in the following simplified 
but equivalent form: 


az nt _ w(0,T) 1-48 
Pay = Tr A) v(t)i(t) dt = oS (1-48) 
where TJ is the minimum period of vu(2)i(t). Applying this formula 
to the same example considered in Eq. (1-46), we obtain 


| pla 2 sin mt) Boel, 
Pop = +f @ sin mt (2204 dt = 5 


as we should. 


Exercise: The voltage and current waveforms of a two-terminal black box are 
given, respectively, by v = sin (3.14)t andi = sin mt. (a) Show that even though 
both v(2) and i(t) are periodic, the power p(Z) is not periodic. (b) For most practical 
purposes, p(t) is said to be ‘‘almost periodic.”’ Explain why. 
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Fig. 1-21. The instantaneous 
power absorbed by a nonlinear 
resistor at any time fo is equal 
numerically to the area of the 
rectangle formed by the v,i axes 
and a vertex Q with coordinates 


(v(4o),i(to)). 


+ 


c 
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The three expressions given by Eqs. (1-43), (1-45), and (1-48) 
are valid for any two-terminal black box. Let us now consider the 
special cases where the black box consists of a single nonlinear 
resistor, capacitor, or inductor. In so doing, we shall be able to de- 
rive a number of useful relationships. We shall also be able to 
draw some very important physical interpretations. Let us consider 
the three cases one at a time. 


Case 1: Two-terminal nonlinear resistor | Consider the nonlinear re- 
sistor shown in Fig. 1-2la and the three common types of v-i 
curves shown in Fig. 1-21b, c, and d. The v-i curve can be described 
in the functional form by i = i(v) if it is voltage-controlled, or by 
v = u(i) if it is current-controlled. A strictly monotonically in- 
creasing v-i curve can obviously be described by either i = i(v) or 
v = v(i). Accordingly, the instantaneous power flow pp(t), energy 
flow wa(to,t1), and average power Pr,, can be determined and are 
tabulated in Table 1-2 for these three cases. 

Observe that corresponding to any operating point Q at any 
time ¢, the instantaneous power pa(*) is simply equal to the area of 
the shaded rectangles shown in Fig. 1-21. This power must, of 
course, come from the energy supplied by the external circuit con- 
nected across the resistor. From Table 1-2 we observe that the ex- 
pressions for p(t), Wr(to,f1), and Pr,, depend on two pieces of in- 
formation, namely, 


1. The v-i curve 


2. The voltage waveform vu(f) or the current waveform i(f) 


Hence, in order to find out what happens to the power that enters 
the resistor, we must be given these two pieces of information. For 
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TABLE 1-2 Instantaneous power, energy, and average power flow in a nonlinear resistor. 


Strictly monotonically Voltage-controlled Current-controlled 
increasing v-i curve v-i curve v-i Curve 
= W(f)i(v(t 5 
Pr(t) r oe Gy = v(t)i(v(2)) = i(t)v(i(t)) 
= i) v(t)i(v(2)) dt = [° (Hiw@) at = Ue i(t)v(i(t)) dt 
Wr (Lo,l1) “a 
=f * (vi) at 
eS i ty : oa: 1 4 te tip 2 | i. 7: 
ty = a =i u(t)i(v(1)) dt = jim =i) W(t)i(vlt)) dt = ae ral i(t)v(i(t)) dt 


lim = f : i(t)v(i(t)) dt 


hon 


example, suppose the v-i curve is represented by i = v?, and the 
voltage is given by v(t) = 2 sin wt. The instantaneous power can 
then be calculated; thus 


Prt) = (2 sin wt)(2 sin wt)? = 16(sin zt)4 


Observe that pp(t) has a period T = 1. The energy flow during the 
time interval (0,t;) and the average power due to the periodic sig- 
nal are given, respectively, by 


welO,tx) = 6t, — 2 sin 2nt, — 4 (sin 7t)%(cos Hh) 
7 7 


and 


eee wor) = a ae (1-49) 


Equation (1-49) shows that even though the voltage v(t) changes 
from positive to negative values periodically, there is a net positive 
average power flow entering the resistor. Since this power is not 
returned to the external circuit whenever the voltage returns to its 
initial value during each period, it cannot be recovered and is 
therefore said to be “lost” or “dissipated” in the resistor. Since 
energy cannot be destroyed, this loss of electrical energy in the re- 
sistor is merely transformed into heat energy. 

The average power for the above example is positive. Let us 
now consider another example where this is not true. Suppose the 
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v-i curve is represented by i = v? — 2 and suppose a constant 
voltage v = 1 volt is applied. The instantaneous and average 


power, respectively, are given by 


POS os 1 are Pry, = = Es ehele 0) 


Since the average power is negative, energy is being supplied 
(instead of being absorbed) by the nonlinear resistor to the external 
circuit. Since energy cannot be created, this nonlinear resistor 
must have an external power source (e.g., a battery) associated 
with it, and is therefore called an active resistor. Without an 
external power source, a nonlinear resistor can only absorb power; 
namely, pr(t) > 0. Such a resistor is said to be passive. It is easy to 
see that a nonlinear resistor is passive if, and only if, its v-i curve 
lies entirely in the first and the third quadrants. This follows from 
the fact that the instantaneous power is always nonnegative; 
namely, 


pat) = (Hid) > 0 (1-51) 


Clearly, in its original form, a physical resistor must necessarily be 
passive. This is true, for example, with the commercial resistors 
listed in Table 1-1. Any of these resistors can, of course, be trans- 
formed into an active resistor by connecting a battery in series 
with it. 


Exercise: The v-i curve of a certain nonlinear resistor is given by i = 10(v3 — 3v)ma, 
and the voltage excitation is given by u(t) = 10 sin ¢ volts. (a) Find the instantan- 
eous power pp(t). (b) Find the energy flow w,(0,t1) for all t; > 0. (c) Find the 
average power by using Eq. (1-48) and check by using Eq. (1-45). (d) Is this non- 
linear resistor passive or active? Explain why. 


Case 2: Two-terminal nonlinear capacitor Consider the nonlinear 
capacitor shown in Fig. 1-22a and the three typical types of v-g 
curves shown in Fig. 1-226 to d. The v-q curve can be described in 
the functional form by v = v(q) if it is charge-controlled or by 
q = qv) if it is voltage-controlled. A strictly monotonically in- 
creasing v-q curve can obviously be described by either v = v(q) or 
q = q(v). The energy flow we(to,t1) into a capacitor during the 
time interval (¢0,t1) is given by 


welts) = fn) 1) dt (1-52) 
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= 4 
dt 
i q(t,) 
v 
q (to) 
(a) (b) 


In the case where the capacitor v-q curve is either strictly mono- 
tonically increasing or charge-controlled, Eq. (1-52) can be written 
as 


1 dq(t 
weto,tr) = [*o(q) SD a (1-53) 
By a standard change of variable, Eq. (1-53) becomes 


weltosts) = [%"” (q) dg (1-54) 


Q(to) 


In the special, but very important, case of a /inear capacitor 
[¢ = Cv or v = (1/O)q], Eq. (1-54) can be reduced to 


_— ah) el i as win Qtr) 2 
Welto,t1) = joe C d oi is 2C te aq ) 

Or 

weolto,t1) = se lett) ~ gto)] (1-55) 


Equation (1-55) can also be expressed in terms of v by substituting 
G=sCo forg: 


wello,ts) = F-[e%(t) — 000] (1-56) 


Referring to Fig. 1-22, Eq. (1-54) can be interpreted as follows: 
The energy flow wo(‘o,t1) from fo to f1 into a charge-controlled 
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Fig. 1-22. The energy flow 
We(to,f1) from fo to ft; into a 
nonlinear capacitor is equal 
numerically to the shaded area. 
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nonlinear capacitor is equal numerically to the area under the 
v-q curve (bounded by the q axis and the lines g = q(%o) and 
q = q(t1). This interpretation is significant because it shows that 
only three pieces of information are needed to determine w¢(‘o,t1), 
namely 


1. The v-q curve 
2. The initial value of the charge at t = fo 


3. The final value of the charge att = 4 


Since no information is required of the waveforms of q(¢) and v(?), 
the energy w¢(to,f1) is said to be independent of the excitation 
waveforms. This property is very different from the resistor case 
where the complete voltage and current waveforms are required 
to compute wp(¢o,/1). Observe further from Fig. 1-22 that whenever 
the waveform v(f) returns to the same initial point, i.e., when 
q(ts) = (to), the energy Wc(to,t1) = 0. For example, Eqs. (1-55) 
and (1-56) are both equal to zero under this condition. Hence, un- 
like the resistor case, there must be some form of “energy-swapping” 
mechanism between a capacitor and the external circuit connected 
across it. To investigate this mechanism, let us calculate the average 
power using Eq. (1-45); thus 


Pe nee 
tj 00 ty 


g(t) 

ao) UD 44 (1-57) 
Now observe that except when q(¢) goes to infinity, a case that 
cannot occur in practice, the value of q(t1) will always be a finite 
number. This means that the area under the curve representing the 
integral in Eq. (1-57) will always be a finite number. But the value 
of ¢; in Eq. (1-57) must tend to infinity, therefore 


Po,, = 0 (1-58) 


Since this equation is derived only under the assumption that the 
v-q curve be charge-controlled (this includes clearly the special 
case of a monotonically increasing curve), it is a very general re- 
sult. We can, therefore, conclude that the average power entering 
a charge-controlled nonlinear capacitor is zero. This condition is 
true for any capacitor current and voltage waveforms. In the 


special case where q(¢) and v(¢) are periodic, Eq. (1-57) can be 
simplified to 


Two-terminal network elements 


ee Wee) 
Poy = [, °@) 4g (1-59) 


But q(T) = q(0) for a periodic waveform of period T; therefore, 
Eq. (1-59) will integrate to zero, as it should. 

From the preceding discussion, we can now conclude that a 
charge-controlled capacitor does not dissipate energy. Any energy 
entering it must be stored inside the capacitor and may eventually 
be returned. Because of this interpretation, a capacitor is often re- 
ferred to as an energy-storage element. In the case of parallel-plate 
capacitors, it is possible to show, by electromagnetic field theory, 
that the energy is stored in the electric field between the plates. In 
view of this observation, the energy wo(to,f1) in a capacitor is 
usually called the electric stored energy. 

What happens if the v-q curve is neither monotonically in- 
creasing nor charge-controlled? In this case, it is no longer pos- 
sible to describe the v-g curve by a function of q. It is not possible, 
therefore, to specify the area representing v dg uniquely. To 
investigate this more general case, a new approach is required.1 


Exercise 1: The v-g curve of a certain nonlinear capacitor is given by g = % v%. 
Let the terminal voltage be given by u(t) = e~*. (a) Find w¢(0,t) for all 4; > O by 
determining first i(t) = (dq/dv)(dv/dt) and then using Eq. (1-43). (6) Repeat (a) 
by determining first g(t) and then using Eq. (1-53). (c) Repeat (a) by using 
Eq. (1-54). (d) Let v(t) = E sin wt and verify that Po,, = 0. 

Exercise 2: Prove that the electric stored energy in a voltage-controlled capacitor 
is given by 

u(t) 


wektort) = glts)u(ts) — gltoo(to) — f'"" qv) do 


HINT: Apply the integration-by-part theorem. 


Case 3: Two-terminal nonlinear inductor Consider the nonlinear in- 
ductor shown in Fig. 1-23a and the three typical types of i-p 
curves shown in Fig. 1-23b to d. The i-p curve can be described 
in the functional form by i = i(g) if it is flux-controlled or by 
y = (i) if it is current-controlled. A strictly monotonically in- 
creasing i-p curve can obviously be described by either i = i() or 
g = Vi). The energy flow wz(to,f1) into an inductor during the 
time interval (fo,1) is given by 


W1(to,f1) = le i() OO at (1-60) 
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1This approach is called 
the parametric approach 
and is discussed in Appen- 
dix A. See also L. O. Chua 
and R. A. Rohrer, On the 
Dynamic Equations of a 
Class of Nonlinear RLC 
Networks, ZEEE Trans. 
Circuit Theory, vol. CT-12, 
no. 4, pp. 475-489, Decem- 
ber, 1965. 


46 Foundations of nonlinear network theory 


AQ 


Fig. 1-23. The energy flow E 2 ; 
wilto,ty) from tp to 4 intoa Applying analogous procedure as in the capacitor case, we find 


nonlinear inductor is equalnu- that when the i- curve is either strictly monotonically increasing 


merically to the shaded area. Or fiyx-controlled, Eq. (1-60) can be written as 


woltoxts) = [%" ip) dep (1-61) 


In the special case where the inductor is linear (p = Li), 
Eq. (1-61) can be simplified further to 


wiltoss) = s-[9*(ts) — 9*(6)] (1-62) 
or 
Wrltoyts) = Fi 2(t,) — 1 2(to)] (1-63) 


Referring to Fig. 1-23, Eq. (1-61) can be interpreted as follows: 
The energy flow wz(to,t1) from fo to fy into a flux-controlled non- 
linear inductor is equal numerically to the area under the i-p 
curve [bounded by the @ axis and the lines g = 9(to) and g = 
p(t1)|. This interpretation has the same significance as for the 
capacitor; namely, only three pieces of information are needed to 
determine w7(to,f1): 


1. The i-¢ curve 
2. The initial value of the flux linkage at ¢ = fo 
3. The final value of the flux linkage at ¢ = 4 


By a similar procedure, we found the average power in any flux- 
controlled inductor is zero, thus 


Pray = 0 (1-64) 
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This means that a flux-controlled inductor cannot dissipate energy. 
In view of this observation, the inductor is also called an energy- 
storage element. In the case where the inductor is made of coils 
around an iron core, the energy can be shown, by electromagnetic 
principles, to be stored in the magnetic field around the coil. 
Hence, the energy stored in an inductor is usually called magnetic 
stored energy. 


Exercise 1: Prove that Eq. (1-64) holds for a flux-controlled inductor. Verify this 
with i(t) = I cos wt and » = 2. 


Exercise 2: Prove that the energy stored in a current-controlled inductor is given 
by 


wultortr) = (tilts) — @Clayicto) =f" 9G) ai 


1-10 TIME-VARYING ELEMENTS 


So far, the v-i, v-g, and i-p curves characterizing a two-terminal re- 
sistor, capacitor, and inductor are assumed to remain unchanged 
for all times. These elements are said to be time-invariant. There 
exist some practical elements, however, whose v-i, v-g, or i-p 
curves vary as functions of time. Such elements are said to be 
time-varying resistors, capacitors, or inductors, respectively. 


Time-varying resistor The simplest example of a time-varying re- 
sistor is a potentiometer whose arm is being rotated by a motor 
as shown in Fig. 1-24a. At any time #, the potentiometer is simply 
a linear resistor with a straight-line v-i characteristic as shown in 
Fig. 1-24b. Hence, a time-varying linear resistor can be character- 
ized by 


v= Ri 
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Fig. 1-24. An example of a 
time-varying linear resistor. 
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where R(f) is the time-varying resistance representing the reciprocal 
of the slope of the straight line at any time ¢. For example, if the 
potentiometer has a resistance range of 0 to 1,000 2 uniformly dis- 
tributed around its rim and if the arm rotates at a speed of | rps, 
then the time-varying resistance is as shown in Fig. 1-24c. 

A time-varying resistor need not be linear. For example, con- 
sider a resistor characterized by 


i=v?+ sint 


The v-i curve of this time-varying nonlinear resistor is shown in 
Fig. 1-25a as a function of time. Observe that this resistor can be 
constructed in practice by connecting a sinusoidal current source 
in parallel with a time-invariant resistor (Fig. 1-255) with the v’-i’ 
curve shown in Fig. 1-25c. In general, a time-varying nonlinear re- 
sistor can be characterized by a relationship i = i(v,f) if it is 
voltage-controlled, or v = v(i,/) if it is current-controlled. A review 
of the power and energy expressions derived in the preceding sec- 
tion would show that these expressions remain valid for the time- 
varying Case. 

What are time-varying resistors good for? To give one simple 
application, let us consider the current waveform 


i(t) = [1 + f(O] sin wt (1-65) 


Equation (1-65) is called an amplitude-modulated waveform because 


Fig. 1-25. An example of a the amplitude of the sine wave varies with time. This is the type 
time-varying nonlinear resistor. 
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of signal that an AM radio transmitter sends out. In practice, f(A) 
represents a slowly changing signal and sin wf represents a rela- 
tively high-frequency sine wave known as the “carrier.” We are 
not equipped to explain why f(A) cannot be transmitted directly, 
and why it must be “carried” by the sine wave. Suffice it to say 
that it takes a high-frequency waveform to traverse a long dis- 
tance in space. Our objective here is to show how we may recover 
the signal f(7) from Eq. (1-65). One possible method consists of 
applying this current to a time-varying linear resistor whose re- 
sistance changes at the same frequency as the carrier, namely, 


RQ) = 14 sin wt 
The voltage drop across this resistor is given by 


u(t) = R(Di(4) 
= (1 + sin w?)[1 + f(O] sin ot 


= %f() + % + [1 + f(O] sin wt — ¥[1 + f(d] cos 2wr 
(1-66) 


Observe that Eq. (1-66) contains four terms; the first term is the 
signal that we would like to recover, the second term is a dc volt- 
age, the third term is the carrier-frequency term, and the last term 
is at twice the carrier frequency. Through the use of a “filter,” the 
last three components can be easily suppressed, thus leaving the 
desired signal f(£). This recovering process is known as synchronous 
detection because the frequency of the time-varying resistance is 
synchronized at the same frequency as the carrier. 


Exercise 1: Sketch the amplitude-modulated waveform given by Eq. (1-65) with 
f(t) = sin t and w = 100. What can you say about the ‘“‘envelope”’ of this 
waveform? 

Exercise 2: It is possible to rectify a sinusoidal current waveform i(¢) = J sin ¢ by 
applying this current to an appropriate time-varying linear resistance R(t). Find 
R(t) so that the resistor voltage is a rectified version of the current waveform; 
that is, v(t) = i(t) whenever i(t) > O, and v(t) = O whenever i(t) < 0. 


Time-varying capacitor The simplest example of a time-varying lin- 
ear capacitor is the air capacitor consisting of a fixed set of plates 
in mesh with a movable set of plates which is being rotated by a 
motor. A time-varying linear capacitor is therefore characterized 
by 


g(t) = CHv(d) (1-67) 
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where C(t) is the time-varying capacitance. Unlike the resistor 
case, the expressions previously derived for the nonlinear capaci- 
tors do not apply in the time-varying case because when we 
differentiate g(¢) with respect to time, we obtain an additional 
term, namely, 


de dv(t) dC(t) i 
= = (Oe (1-68) 
Since C(f) is not a constant, the expressions given by Eqs. (1-55) 
and (1-56) are no longer applicable. Hence, to calculate the power 
or energy flow, we must resort to the original definitions. 

Just as for the resistor, a time-varying capacitor may be non- 
linear; in this case it is characterized by q = q(v,A) if it is voltage- 
controlled or v = v(q,t) if it is charge-controlled. Time-varying ca- 
pacitors are useful in the study of parametric amplifiers. They are 
also useful in the modeling of many time-varying physical and 
biological systems. For example, the mass of a rocket during lift- 
off decreases rapidly with time as the rocket fuel is burned. This 
time-varying mass can be modeled by a time-varying capacitor. 


Exercise 1: Find the average power Po,, entering a time-varying capacitor 
C(t) = 2 — cos wt and a terminal voltage u(t) = E sin wt. Interpret whether this 
energy is being absorbed, delivered, or stored. 


Exercise 2: Give an example for each of the following: (a) A time-varying linear 
capacitor, (b) a time-varying charge-controlled capacitor, and (c) a time-varying 
voltage-controlled capacitor. 


Time-varying inductor By exact analogy to the capacitor, a time- 
varying linear inductor is characterized by 


g(t) = L(ti(t) (1-69) 


where L(f) is the time-varying inductance. Since L(#) is no longer 
a constant, the expressions derived previously in the preceding 


sections are no longer valid. In particular, the inductor voltage is 
now given by 


dL(t) 
dt 


oe a = 1) i) + i(t) (1-70) 


A time-varying inductor may be nonlinear; in this case it is 


characterized by » = 9(i,d if it is current-controlled and i = i(g,1) 
if it is flux-controlled. 
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The analysis of a nonlinear network containing time-varying 
elements is a very difficult problem requiring advanced mathe- 
matics. Hence, we shall not consider any time-varying elements in 
the rest of this book. The above discussion is included mainly to 
emphasize the fact that most of the equations we derived in the 
previous sections are not valid for time-varying elements. 


Exercise 1: Give an example for each of the following: (a) A time-varying linear 
inductor, (6) a time-varying flux-controlled inductor, and (c) a time-varying 
current-controlled inductor. 


Exercise 2: Prove or disprove the assertion that if the current into a time-varying 
current-controlled inductor is periodic, then the instantaneous power P,(t) is 
also periodic. 


1-11 CONCEPTS OF MODELING 


One of the most basic principles in scientific analysis is that 
of modeling. Engineers and scientists seldom analyze a physical 
system in its original form. Instead, they construct a model which 
approximates the behavior of the system. By analyzing the be- 
havior of the model, they hope to predict the behavior of the 
actual system. The primary reason for constructing models is that 
physical systems are usually too complex to be amenable to a 
practical analysis. In most cases, the complexity of a system is due 
im part to the presence of many nonessential factors. One basic 
principle of modeling consists, therefore, of extracting only the 
essential factors. 

To illustrate the process of modeling, let us consider the prob- 
lem of predicting the trajectory of a ballistic missile. This problem 
cannot be analyzed exactly because an exact analysis would re- 
quire inclusion of all possible factors that may affect the trajectory. 
Some of these factors may be the weight and shape of the missile, 
the amount of thrust, the atmospheric drag, the deformation of 
the missile during flight, the distribution of weights of the internal 
components, the wind velocity, the impurity of the fuel, and the 
color of the missile. From experience, we know that the first three 
factors have a more significant influence on the trajectory than the 
remaining factors. This leads us to replace the missile by a model 
which includes only the first three factors. Obviously, the pre- 
dicted trajectory based on this model is not going to be identical 
with that of the actual system. But as engineers, we are interested 
only in an “accurate” solution, not the exact solution. Hence, as 
long as the discrepancy between the predicted and the actual 
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Fig. 1-26. The static model of 
a tunnel diode must be refined 
for high-frequency analysis by 
the inclusion of appropriate 
parasitic inductances and ca- 
pacitances at appropriate loca- 
tions. 


Refined tunnel 
diode model 
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trajectories is tolerable, the model serves the purpose. Of course, 
in their desire to simplify analysis, engineers are often tempted 
to overidealize the model by stripping away some essential factors. 
In this case, the predicted solution may not be satisfactory. 

The point we are driving at is that as engineers, we analyze 
the model which approximates an actual system. A model is al- 
ways an idealization of a physical system. The more complex the 
model, the more accurate will the predicted solution be. Un- 
fortunately, the analysis will also become more complicated. 
Hence, a model is always a compromise between reality and simplicity. 

In the light of the above discussion, our definitions of a re- 
sistor, capacitor, and inductor must also be interpreted as models 
representing a physical device. For example, the v-i curve of the 
tunnel diode shown in Table 1-1 is a good model of a physical 
tunnel diode so long as the frequency at which we are operating 
is not very high. However, as the frequency increases, the static 
characteristic becomes less accurate, and a more realistic model 
must be found. For example, at very high frequencies, the con- 
necting wires begin to behave like an inductance, and the capaci- 
tance between the wires gradually becomes significant. These ele- 
ments are called “parasitic” or “stray” elements because they are 
invariably present, even though they are undesirable. A more 
realistic tunnel diode model must therefore include the parasitic 
elements such as the refined model shown in Fig. 1-26a. As the 
frequency gets higher, a still more complicated model such as 
shown in Fig. 1-26b may be chosen. 

In this book, we shall be primarily interested in low-frequency 
models. In Chap. 11 we shall learn some basic techniques for con- 
structing models of three-terminal devices in terms of two-terminal 
models. These low-frequency models can usually be refined for 
high-frequency analysis upon inclusion of appropriate parasitic 
elements. 


More refined tunnel 
aa diode model 


(a) 


[= ee ee ee 
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1-12 SUMMARY 

Four basic electrical variables 
Charge g in coulombs 
Flux linkage ¢ in webers 
Current 7 in amperes 


Voltage v in volts 


Universal relationships 

rare 

cee: q= [iar 
t 

vat p= [' oar 


Simultaneity postulate The current entering one terminal of a two- 
terminal black box appears instantaneously at the other terminal. 


Usual reference direction Current arrow enters the positive terminal 
or leaves the negative terminal. Under this assumption, the power 
pd enters the black box whenever p(t) > 0. 


Power and energy relationships 


Instantaneous power: p(t) = v(t)i(d) 


Energy flow from fo to: = W(Lo,f1) = 1 U(T)i(T) dr 


Average power for arbitrary signal: Pay = jim ls i ” o(t)i(t) dt 


1700 $7 0 


Average power for periodic signal with period 7: 
2 ed aa Chee ore 
Pay = 5p j, u(t)i(t) dt 


Passive and active resistors A resistor is passive if, and only if, its 
v-i curve lies only in the first and the third quadrants. Otherwise, 
it is active. 


Energy dissipation and storage properties A passive resistor can only 
dissipate energy, that is, P(t) > 0 for all time. This energy is lost 
as heat. A charge-controlled capacitor does not dissipate energy. 
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It stores electric energy and may be returned to its external circuit 
(Poy = 9). A flux-controlled inductor does not dissipate energy. It 
stores magnetic energy and may be returned to its external circuit 
(Pra, = 9). 


Basic two-terminal elements (See Fig. 1-27.) 


PROBLEMS 


1-1 In order to demonstrate the importance of reference direction and 
polarity, consider the following: 

(a) Sketch the v-i curve of each of the two-terminal black boxes 
shown in Fig. Pl-1la to e. (The element inside the black box 
is a tunnel diode whose V-J curve is given in Table 1-1.) 

(b) Give a simple rule for sketching the v-i curve of a resistor 
whose terminals have been reversed as in Fig. Pl-le. 

(c) There exists a certain class of nonlinear elements in which it 
is unnecessary to distinguish between the two terminals. Such 
elements are called bilateral elements. All other elements are 
said to be nonbilateral. Give an example of a bilateral and a 
nonbilateral resistor, inductor, and capacitor. 

(d) Find the necessary and sufficient condition for a nonlinear re- 
sistor, capacitor, or inductor to be bilateral. 


(a) (6) (c) (d) 
1-2 Sketch the v-i curve of each of the two-terminal black boxes shown fe RT 
in Fig. Pl-2a to h. Refer to Table 1-1 for the V-J curves of the 
corresponding elements. Fig. P1-2. 


(d) 
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Fig. P1-2 (Continued). 


1-3 


1-4 
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(f) (g) (h) 


The most accurate method for determining the v-i curve of a non- 

linear resistor in the laboratory is the point-by-point method. Each 

point (£,J) on the curve is obtained by applying a voltage v = E 

across the resistor and measuring the resulting current i = J. How- 

ever, this method is rather tedious, and for most practical purposes 
it is desirable to design a v-i “curve tracer” that can display the 

v-i curve directly on an oscilloscope. 

(a) Devise a simple circuit to carry out the above task using the 
ordinary 60-Hz ac line voltage and a Variac (variable voltage 
transformer) to provide the desired range of input voltage re- 
quired by the given resistor. You may use a linear resistor 
whose voltage drop can be used to sense the magnitude of the 
current in the nonlinear resistor. To avoid grounding problems, 
you may use a 1:1 isolation transformer. 

(b) Suppose that instead of using the line voltage as the energy 
source, we use the output voltage from a certain signal genera- 
tor whose frequency can be changed from 10 Hz to 100 MHz. 
Do you expect the same v-i curve to be traced on the scope 
at all frequencies? If not, what frequency range must be 
chosen so that the v-i curve will agree approximately with the 
static curves supplied by the manufacturer? 


It is sometimes convenient to define the dc resistance Rg. and the 
ac resistance Ra: at each point P of a v-i curve by 


Ra = 2 
Llp 
dv 

RS 

pease a 


(a) Show that Rac = cot a, where a is the angle between the 
v axis and the straight line from the origin to point P. 

(b) Show that Ra. = cot 8, where B is the angle between the 
v axis and the straight line tangent at point P. 

(c) Verify that for a passive resistor, the value of Rac is always 
positive. 

(d) Verify that the value of Ra, may be either negative, zero, posi- 
tive, or even infinite for a passive resistor. 


1-5 


1-6 


1-7 


1-8 
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(e) Sketch the relationships Rac versus v and Rag versus v for the 
varistor type INXXS, the zener diode type INXX3, and the 
tunnel diode type INXX6. See Appendix D for the v-i curve 
of these elements. 

(f) Repeat (e) for the relationships Rac versus i and Rae versus i. 


Consider the definitions of the dc resistance Rac and ac resistance 

Rac given in Problem 1-4. 

(a) If the resistor v-i curve is strictly monotonically increasing, 
what can you say about the curves Ra, versus v, Rac versus is 
Rac versus v, and Rae versus i? Are they monotonic, single- 
valued, or multivalued? 

(b) Repeat (a) for a voltage-controlled resistor. 

(c) Repeat (a) for a current-controlled resistor. 


It is sometimes convenient to define the dc conductance Ga. and 
the ac conductance G,, at each point P of a v-i curve by 


Gao = 
VU Ip 

_ di 
Cac dv P 


(a) Show that Gg, = tan a, where a is the angle between the 
v axis and the straight line from the origin to point P. 

(b) Show that G,, = tan B, where B is the angle between the 
v axis and the straight line tangent at point P. 

(c) Verify that for a passive resistor, the value of Ga, is always a 
finite, positive number. 

(d) Verify that the value of G,. may be either negative, zero, 
positive, or even infinite for a passive resistor. 

(e) Sketch the relationships Ga. versus i and Ga¢ versus i for the 
varistor type INXX5, the zener diode type INXX3, and the 
tunnel diode type INXX6. See Appendix D for the v-i curve 
of these elements. 

(f) Repeat (e) for the relationships Ga- versus v and Gace versus v. 


Consider the definitions of the de conductance Gg. and ac conduct- 

ance Gac given in Prob. 1-6. 

(a) If the resistor v-i curve is strictly monotonically increasing, 
what can you say about the curves Gac versus i, Gac versus v, 
Gac versus i, and Ga, versus v? Are they monotonic, single- 
valued, or multivalued? 

(b) Repeat (a) for a voltage-controlled resistor. 

(c) Repeat (a) for a current-controlled resistor. 


If a sinusoidal voltage waveform v = A sin wtf is applied across a 
nonlinear resistor characterized by a polynomial 


i= do + Qyv + dou? + +--+ + anv” 
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Fig. P1-10. 


q, ucoul 


1-9 


v, volts 
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the resulting current will contain, in addition to the fundamental 
frequency term i = B sin wt, other higher harmonic terms. In 
many practical applications, these harmonic terms are usually 
filtered out, in which case it becomes meaningful to define the 
ratio between the amplitudes of the fundamental voltage and cur- 
rent components to be the average resistance Ray. 

(a) Find the average resistance Ray with n = 3. 

(b) Assuming ao = a1 = a2 = a3 = 1, plot Ray versus the ampli- 

tude A. 
(c) What is the significance of the Ray-vs.-A curve obtained in (5)? 


If a sinusoidal voltage waveform v = A cos wt is applied across a 
voltage-controlled capacitor characterized by 
q = a + ay + agv? + --- + au” 
the resulting current will contain, in addition to the fundamental 
frequency term i = B sin wt, other higher harmonic terms. In 
many practical applications these harmonic terms are filtered out, 
in which case the ratio between the amplitudes of the fundamental 
voltage and current components is usually called the describing 
function Zc. 

(a) Find the describing function Ze with n = 3. 

(b) Observe that unlike the average resistance in Prob. 1-8, the 
describing function Z¢ of a capacitor is a function of the fre- 
quency w. Assuming do = a, = a2 = a3 = A = 1, plot the 
curve Zg Versus w. 

(c) What is the significance of the Zo-vs.-w curve? 


The v-g curve of a practical, nonlinear capacitor with a barium 
titanate dielectric is shown in Fig. P1-10a. If the triangular voltage 
signal shown in Fig. P1-10b is applied across this capacitor, find 
the current waveform i(f). Assume that the capacitor is operating 
initially at point a of the hysteresis curve. Assume also that the 
locus must follow the arrow directions. 


v(t), volts 


t, usec 
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1-11 Based on the definition in Prob. 1-9, define an analogous describ- 
ing function Z;,, for a current-controlled inductor. Plot the Z,-vs.-w 
curve for the following cases (assume A = 1): 


(a) p=i 
(b) gi = #2 
() eqs 


(GO) Wy = Il te ee SE 


1-12 The i-¢ curve of an iron-core nonlinear inductor is usually charac- 
terized by a hysteresis loop as shown in Fig. P1-12a. 

(a) Ifa sinusoidal current i(¢) = 8 sin ¢ amp is applied to this in- 
ductor, find the voltage u(t) for t > 0 and the average power 
Pay. (Assume that the inductor is operating at point a at 
e405) 

(b) Does this inductor dissipate or store energy? 

(c) Verify that the average power Pay is equal numerically to the 
area enclosed by the hysteresis loop. 

(d) To simplify analysis, we often approximate a hysteresis loop 
by a single-valued curve, such as the i-p curve shown in Fig. 
P1-12b. Repeat parts (a), (b) and (c) for this case and compare 
the solutions. 


~, webers y, Webers 


Fig. P1-12. 


1-13 For economic reasons, it is desirable to transmit more than one 
signal simultaneously over the same communication channel such 
as a long-distance telephone system. To be specific, let us suppose 
that two voice signals fi(¢) and /2(7) are to be transmitted from 
Chicago to Paris. Since the highest frequency of the human voice 
is about 20 kHz, it is not possible to transmit these signals directly 
(it can be shown by electromagnetic field principles that it takes a 
very high-frequency signal to propagate in space). In practice, our 
transmitter in Chicago can be designed to combine these signals 
into the following “amplitude-modulated” current waveform 


i(t) = fad) sin wt + fo(t) cos wt 
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Fig. P1-14. 
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where sin wt and cos wt are very high-frequency (say 10 MHz) sine 

waves. This is the signal that will be received in Paris. Our prob- 

lem is to recover fi(t) and f2(f) at the receiving end. 

(a) Show that f,(t) can be recovered by applying i(/) to a time- 
varying linear resistor with R(¢) = 1 + sin wf and then sup- 
pressing the components with a frequency higher than w by 
means of a filter. 

(b) By a similar procedure, f2(t) can be recovered. Find the 
appropriate time-varying resistance R(t) for accomplishing 
this. 


One method for transmitting a telegraph signal over long distances 
is to modulate the “phase” of a high-frequency sinusoidal signal 
called the carrier. To be specific, suppose we wish to transmit the 
letter A in morse code by closing and opening the telegraph key 
at appropriate intervals. Corresponding to this code, the output 
voltage v,(¢) shown in Fig. Pl-14a will be generated. In order to 
transmit this waveform over long distances, an apparatus can be 


Us (t) 


Transmitter 
ic(t) 
(d) 


Antenna 


Uy (t) Receiver 


(e) 


—>t 


(g) 
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designed to change the phase of the carrier signal i,(¢) shown 
in Fig. P1-14b abruptly by 180° each time v,(¢) changes its ampli- 
tude. For example, the resulting current waveform i(/) is shown 
in Fig. P1-14c. This is the signal being transmitted and received, as 
shown in Fig. P1-14d and e. Our problem is to decode the received 
current waveform i(f) so as to recover the message A. This can be 
accomplished by applying i(f) (as a current source) to the time- 
varying circuit shown in Fig. P1-14g so as to produce the output 
voltage v(t) shown in Fig. P1-14f Observe that even though v,(¢) 
is not identical with v,(f), the nature of the waveform is unmistak- 
ably similar to that of Fig. Pl-14g. Hence the above decoding 
scheme would accomplish our objective. 
(a) Specify the time-varying resistance R(t) for accomplishing 
this task. 
(b) What can you say about the frequency of R(¢) in comparison 
with that of the carrier signal i,(7)? 
(c) The above scheme for decoding the signal is known as the 
synchronous phase detection. Explain why. 
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1 The time-varying elements 
defined in Sec. 1-10 may 
also be interpreted as a 
controlled element with 
the time ¢ as the controlling 
variable. However, unlike 
the other physical varia- 
bles, we have no control 
over the value of ¢. Hence, 
we shall exclude time- 
varying elements from the 
context of controlled 
elements. 


2-1 TWO-TERMINAL CONTROLLED ELEMENTS 


There exist many practical two-terminal resistors, capacitors, and 
inductors whose v-i, v-g, and i-p curves depend on some physical 
variable x. Such elements are called controlled resistors, controlled 
capacitors, and controlled inductors, respectively. The independent 
variable x is called the controlling variable and may represent a 
nonelectrical variable such as temperature, light intensity, pres- 
sure, force, or velocity, or an electrical variable such as volt- 
age and current.! Actually, to be exact, all physical two-terminal 
elements are controlled elements in the above sense because every 
physical device is affected, to a certain extent, by temperature 
changes. In most cases, however, the temperature variation is un- 
desirable, and one of the goals of the manufacturer is to see to it 
that the temperature effect is minimized. In contrast with this, the 
controlled elements that we are studying in this chapter are 
specifically designed so that the controlling variable x produces a 
significant effect on the characteristic curves of these elements. In 
fact, we shall try to take advantage of the variation of the charac- 
teristic curves to design practical circuits. 


2-1-1 TWO-TERMINAL CONTROLLED RESISTORS 


A two-terminal controlled resistor is characterized by a family of 
v-i curves, each curve corresponding to a specific value of the con- 
trolling variable x. A controlled resistor may be represented 
mathematically by i = i(v,x) if it is voltage-controlled for all 
values of x, or v = v(i,x) if it is current-controlled for all values of 


x. A strictly monotonic controlled resistor can be represented 
in either form. 
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A number of commercially available controlled resistors are 
listed in Table 2-1. The first two elements are called thermistors be- 
cause the controlling variable is temperature. The next three ele- 
ments (the phototube, the photodiode, and the solar cell) have 
light intensity as the controlling variable. The last element listed is 
called a cryotron and is controlled by an external current J, inde- 
pendent of the terminal variables J and V. 

Observe that the v-i curves of the controlled resistors listed in 
Table 2-1 are all nonlinear. With the exception of the solar cell, all 
elements listed in Table 2-1 are characterized by a family of 
v-i curves in the first and the third quadrants only (in most cases, 
only curves in the first quadrant are shown). Therefore, these ele- 
ments are passive, nonlinear, controlled elements. The v-i curves 
of the solar cell fall in the fourth quadrant, and it is therefore an 
active, nonlinear, controlled element. We do not violate the con- 
servation of energy here because the solar cell does have a source 
of energy, solar energy. 

In many practical applications, we are interested in operating 
only in the linear region of the v-i curves. For example, consider 
the NTC thermistor curves near the origin (Fig. 2-la). The v-i 
curves in this region are enlarged as shown in Fig. 2-1b. Observe 
that these are straight lines, and hence the v-i curves can be rep- 
resented mathematically by 


v= R(T) (2-1) 


where R(T) is the resistance of each curve at temperature 7. For 
the NTC thermistor, the resistance-vs.-temperature curve assumes 
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Fig. 2-1. An NTC thermistor, 
when operated around the vi- 
cinity of the origin, can be con- 
sidered as a linear controlled 
resistor and can, therefore, be 
characterized by a resistance- 
vs.-temperature curve. 


| Ai R(T), 2 


R(T)=[R (Ty) €-/7] e A/T 


T, <1, <T3 <1, <Ts 
(a) () 


>T 


(c) 


64 


TABLE 2-1 Practical two-terminal controlled resistors. 


Name Symbol v-i characteristic curves 
AI, ma 
I 60 T = ambient temperature 
in degrees Fahrenheit 
. oe ia 
NTC (negative- T =250°F 
temperature- Vv 200°F 
coefficient ) 
thermistor 
o 32ch 
0 20 40 60.80. 100. volts 
AI, ma 
if T =ambient temperature 
rg 150; in degrees Fahrenheit 
PTC (positive- 120+ 
temperature - V * 
coefficient ) : 
thermistor > 60 
30 
0 20 40 60 80 Too > V? volts 
I AT, wa 
a F = light flux in lumens F=0.1Im 
a — 0.08 Im 
Phototube v 6 a 0.06 Im 
—=— 0.02 Im 
0 20 40 60 80 Too >» volts 


the general form shown in Fig. 2-1c. For this simple curve, the fol- 
lowing mathematical function has been found to be a good 
approximation: 

R(T) = [R(To)e-#/7]e8/? (2-2) 


where R(7o) is the resistance measured at some reference tem- 
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me Symbol v-i characteristic curves 
AT, wa 
I F = light illumination in footcandles 
+ 400+ F = 3,000 fc 
otodiode V 
>V, volts 
AI, pa rey eee 
iL F = light illumination in footcandles 
0 200 400 600 800 
ical T T T T ~~ V, mv 
be 500 fc 
& 800 fc 
lar cell -3 ae 
hotocell ) oF 1,500 fc 
af! 2,000 fc 
ade F = 3,000 fc 
I,=0ma 
200 ma 
400 ma 
600 ma 
yotron + + t+—+—> V, mv 
—10 1.0 


T,= controlled current 
in milliamperes 


perature Tp (usually 298°K), and is a constant which depends 
on the material of which the thermistor is made. 


Exercise 1: The parameters of a certain commercial NTC thermistor were meas- 
ured as follows: R(To) = 10k &, B = 3,000, Ty = 298°K. (a) Sketch the R(T) 
curve as defined by Eq. (2-2) for the temperature range 300°K < T < 500°K. 
(b) Sketch the v-i curve with T in degrees Celsius as the parameter. 
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q 
P=P, 
i 
+ 
‘i Metal plate 
v Nonlinear . 
dielectric 
Metal plate P=pressure between 
B plates 
(@) (b) 


Fig. 2-2. A pressure-controlled 


nonlinear capacitor is charac- ‘ ; : F . 
terized by a family of v-q curves, Exercise 2: It is convenient to define a temperature coefficient a for R(T) by the 


each curve corresponding to formula 
some applied pressure. 1 dR(T) 


© = RE) aT 
(a) Show that for the NTC thermistor, a = —8/T2. (b) Show that a can be inter- 
preted to be the percentage change in resistance per degree temperature 


change. (c) Calculate the a of the thermistor given in Exercise 1. Why do we call 
this a negative-temperature coefficient thermistor? 


Exercise 3: The resistance R(T) of a PTC thermistor operating at the low-voltage 
region is given approximately by 
R(T) = A + Ces? 
where A, B, and C are positive constants and 7 is the temperature in degrees 
Fahrenheit. (a) Sketch the general shape of the curve R(7). (b) Show that 
the temperature coefficient a (see Exercise 2) is given by 
ee BC eBT 

~ A+ CeBr 


Exercise 4: The family of v-i curves of a photodiode can be represented approxi- 
mately by 


i= IF) + 1(t— e=») 


where J, and k are constants and J(F) is a function of the light illumination F. 
(a) Find the approximate values of J, and k, and sketch the curve J(F) for the 
photodiode type 1NXX10 given in Appendix D. (b) Show that when J(F) = 0, the 
photodiode reduces to a junction diode [see Eq. (1-14) of Chap. 1] with its ter- 
minals interchanged. 


Exercise 5: The family of v-i curves of a solar cell can be represented ap-. 
proximately by 


i = I,(e — 1) — I(F) 


where J, and k are constants and J(F) is a function of the light illumination F. 
(a) Find the approximate values of J, and k, and sketch the curve I(F) for the 


Controlled elements 


solar cell type 1NXX11 given in Appendix D. (6) Show that when I(F) = 0, the 
solar cell reduces to a junction diode [see Eq. (1-14) of Chap. 1]. 


2-1-2. TWO-TERMINAL CONTROLLED CAPACITORS 


A two-terminal controlled capacitor is characterized by a family 
of v-g curves, each curve corresponding to a specific value of the 
controlling variable x. A controlled capacitor may be represented 
mathematically by g = q(v,x) if it is voltage-controlled, or v = 
v(q,x) if it is charge-controlled. A strictly monotonic controlled 
capacitor can be represented in either form. 

Although there are not many controlled capacitors presently 
available in commercial quantities, they do exist in various forms 
for special applications. For example, one can easily build a 
pressure-controlled nonlinear capacitor by sandwiching a non- 
linear dielectric material between a pair of metallic plates as 
shown in Fig. 2-2a. For each value of applied pressure, a different 
U-g curve is measured as shown in Fig. 2-2. 


2-1-3. TWO-TERMINAL CONTROLLED INDUCTORS 


A two-terminal controlled inductor is characterized by a family of 
i-p curves, each curve corresponding to a specific value of the con- 
trolling variable x. A controlled inductor may be represented 
mathematically by » = (i,x) if it is current-controlled, or i = i(¢p,x) 
if it is flux-controlled. A strictly monotonic controlled inductor can 
be represented in either form. 

An example of a practical, controlled inductor is the toroidal 
coil shown in Fig. 2-3a. By applying a direct current through 
a separate coil, the i-p curve can be translated along a ver- 
tical direction as shown in Fig. 2-35. 
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Fig. 2-3. A toroidal coil be- 
comes a_current-controlled 
nonlinear inductor by applying 
a dc current through a separate 


winding. 


. Seay 


0 


pa F 


=l, 
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Light bulb 


F=F, lm 
Phototube 
vee post “curve when 
beam is 
present 
Curve when 
beam is B= im 
absent ; / 
sd Vat >vU 
O E 
(c) 
Fig. 2-4. The basic door-open- 
ing mechanism consists of a 
phototube circuit and a beam 
of light. 2-2 PRACTICAL APPLICATIONS OF CONTROLLED ELEMENTS 


Controlled elements are widely used in the instrumentation and 
control industries. In almost all cases, they are used for “sensing” 
or “detection” purposes. For example, the familiar electric eye for 
actuating an automatic door-opening mechanism consists simply 
of a phototube and a beam of light as shown in Fig. 2-4a. 
For simplicity, let us connect a battery across the phototube 
as shown in Fig. 2-4b. The light bulb is positioned so that the light 
beam produces a light illumination of x lm on the phototube at all 
times, except when it is interrupted by a person walking past the 
doorway. In the latter case, the light illumination at the photo- 
tube will be decreased to an insignificant value such as Fo. Accord- 
ingly, the v-i curve of the phototube will consist of either one of 
the two curves shown in Fig. 2-4c. Corresponding to an applied 
voltage E, a current i = J; will be measured if the beam is present. 
However, if the beam is cut off, the current will drop back to 
a small value i = J. Hence, if we connect a sensitive relay in 
series with the phototube, then the relay contact, which is previ- 
ously “open,” will become “closed” whenever the current drops to 
Io, thereby deenergizing the relay. The closing of the contacts will 
serve as a switch to turn on the motor for opening the door. In 
practice, phototube circuits are, of course, much more com- 


plicated, and we shall not be able to analyze them until after 
Chap. 6. 
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Another common application of a controlled resistor is the 
punch-card-reader mechanism shown in Fig. 2-Sa. In view of its 
smaller size, the photodiode is chosen in favor of the phototube. 
Our objective is to transform the code represented by the presence 
or absence of holes in the computer card into a corresponding 
sequence of electrical signals. By installing a string of iden- 
tical photodiodes below the corresponding columns, it is easy to 
see that the circuit shown in Fig. 2-5a will indeed generate the de- 
sired signals. To be specific, let us assume that the card has four 
columns and five rows. Let us also assume that the card is being 
fed at a uniform speed so that row 1 will appear above the photo- 
diodes at ¢ = 0 msec, row 2 att = 1 msec,..., and row5 att = 
4 msec. It is easy to see that the waveforms of (4, i2, i3, and i4 will 
be as shown in Fig. 2-55. 

There are many more practical applications of this nature. In 
fact, two-terminal controlled resistors are widely used in applica- 
tions which require the detection or sensing of temperature or 
light-illumination variations. For example, thermistors have been 
used for designing fire-protection devices, pyrometers, flowmeters, 
vacuum gages, etc. Two-terminal controlled capacitors are useful _ 
in applications which require the detection of small pressures, ethene priee: howl 
forces, or distances. For example, nonlinear controlled capacitors  giodes for sensing the light 


illumination and hence the 
presence or absence of a hole. 
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Fig. 2-6. The v-i curves of an 
x-controlled voltage source 
consist of a family of vertical 
lines, whereas those of an x- 
controlled current source con- 
sist of a family of horizontal 
lines. 
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using barium titanate dielectrics have been used extensively in the 
design of strain gages. Two-terminal controlled inductors are 
widely used in connection with those applications requiring an ex- 
ternal controlled current or magnetic-field intensity. For example, 
they are used extensively in the control of lighting effects in 
theaters and auditoriums. 

One could go on and list many other interesting applications. 
However, there is really only one concept involved in all these ap- 
plications. We ask ourselves first the question: “What is the 
physical variable to be controlled?” Once the variable x is chosen, 
we look for an appropriate controlled resistor having x as the con- 
trolling variable. We then design a basic circuit to transform the 
variations in x into corresponding variations in voltage or current. 
Finally, we try to optimize the circuit by introducing additional 
elements at appropriate locations. We shall be able to do all these 
after studying the materials in this book. 


Exercise 1: Discuss how a thermistor might be used in the design of the follow- 
ing gadgets: (a) thermometers; (b) liquid-level gages for indicating the level of 
liquids inside a closed tank; (c) flowmeters for measuring the number of gallons 
per second of liquids flowing through a pipe; (d@) fire alarm indicators; (e) gas 
leakage detectors; (f) vacuum gages. 


Exercise 2: Discuss how a solar cell might be used in the design of the following 
gadgets: (a) photographic exposure meters; (6) automatic street lighting control: 
(c) pinhole or flaw detector in sheet metal or paper manufacturing; (d) remote 
flashlight switch for turning on and off a television set. 


2-3. CONTROLLED SOURCES 


We shall now define a special class of two-terminal controlled re- 
sistors characterized either by a family of vertical v-i curves (Fig. 
2-6a) or a family of horizontal v-i curves (Fig. 2-65). Since for each 
value of x the v-i curve reduces to that of a voltage source in the 
vertical case and that of a current source in the horizontal case, 
these elements are called x-controlled voltage sources and x-con- 
trolled current sources, respectively. It is important to observe that 
the v-i curves of an x-controlled voltage source are independent of 
the terminal current i, and can be represented by 


OS 00%) (2-3) - 


Similarly, the v-i curves of an x-controlled current source are in- 
dependent of the terminal voltage v, and can be represented by 


i = i(x) (2-4) 
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Just as there is no such thing as an ideal voltage source or an 
ideal current source in practice, there is no such thing as an ideal 
x-controlled voltage source or an ideal x-controlled current source. 
Nevertheless, we shall find these elements to be extremely impor- 
tant for two reasons. First, the v-i curves of many practical con- 
trolled resistors consist of near-vertical-line segments or near- 
horizontal-line segments over some region of the v-i plane. Within 
this region, the controlled resistor can be considered to be a 
controlled source. For example, a large region in the first quadrant 
of a photodiode v-i plane and a large region in the fourth quadrant 
of a solar cell v-i plane can indeed be considered to be a light-con- 
trolled current source. Secondly, a controlled source, even if it does 
not exist physically, can be combined with other network elements 
for obtaining a “realistic model” for practical devices. This impor- 
tant application will be demonstrated in Chap. 11. 


2-3-1 TRANSDUCERS 


When the controlling variable x of a controlled source is a non- 
electrical variable (e.g., strain, position, pressure, and temperature), 
the controlled source is usually called a transducer.1 In particular, 
an x-controlled voltage source is called a voltage transducer (Fig. 
2-7a), and an x-controlled current source is called a current trans- 
ducer (Fig. 2-7b). The v-vs.-x or the i-vs.-x relationship of the 
transducer is generally nonlinear, such as the curve shown in 


1The term 


(d) 


Fig. 2-7. (a) A voltage trans- 
ducer or (b) a current trans- 
ducer is usually characterized 
by (c) a nonlinear v-versus-x or 
i-versus-x curve. A nonlinear 
correction network may be de- 
signed to linearize this rela- 
tionship. 


transducer is 
sometimes used to denote 
any controlled element 
having a nonelectrical con- 
trolling variable. In this 
book we shall use the term 
transducer only if the de- 
vice can be modeled by a 
controlled voltage source or 
a controlled current source. 
Of course, no practical 
transducer is strictly a 
voltage source or a current 
source. However, in Chap. 
11 we shall learn methods 
for realizing a more realis- 
tic model. 
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Fig. 2-8. The symbols for (a) 
a voltage-controlled voltage 
source; (b) a current-controlled 
voltage source; (c) a current- 
controlled current source; and 
(d) a voltage-controlled current 
source. 
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Fig. 2-7c. It is usually desirable to have a linear transducer curve 
in practice. This can be achieved by designing a nonlinear correc- 
tion network (Fig. 2-7d) by the methods given in Chap. 8. 

In practice, transducers are usually built with controlled re- 
sistors as building blocks. However, there are some transducers 
which exist in their original form. For example, a phonograph 
cartridge is a pressure transducer which transforms the needle pres- 
sure into an electrical voltage. For high-fidelity reproduction, the 
pressure-voltage transducer curve must be as linear as possible. It 
is important, therefore, that we learn how to design the nonlinear 
correction network shown in Fig. 2-7d. 


Exercise 1: (a) Is a transducer a passive or an active element? If active, explain 
where the source of energy comes from. (b) Why is it desirable to have a linear 
transducer curve? 


Exercise 2: Can you suggest an application for each of the following types of 
transducers: (a) strain-to-voltage transducer; (b) position-to-voltage transducer; 
(c) angular-displacement-to-voltage transducer; (d) acceleration-to-voltage trans- 
ducer; (e) velocity-to-voltage transducer? 


Exercise 3: The relationship of a certain liquid-level-to-voltage transducer (such 
as a gasoline gage) is given by v(x) = x1/5 where x is the liquid level. (a) Sketch 
this relationship, and compare the movement of a voltmeter (connected across 
the transducer) when the tank is almost full and when the tank is almost empty. 
(b) If a nonlinear correction network is interposed between the voltmeter and the 
transducer as shown in Fig. 2-7d, find the relationship v, versus v of this network 
so as to obtain a linear output voltage v, versus x, namely, v, = kx, where kis a 
constant. 


2-3-2 SOURCES CONTROLLED BY ELECTRICAL VARIABLES 


The controlling variable x of an important class of controlled 
sources is itself an electrical variable, usually a voltage or a 
current. We shall be mostly concerned in this book with electrically 
controlled voltage or current sources of the following types: (1) a 
linear voltage-controlled voltage source whose terminal voltage is 
linearly related to a controlling voltage v,, namely, v = kv;, where 
kK is a constant; (2) a linear current-controlled voltage source 
whose terminal voltage is linearly related to a controlling current 
ir, namely, v = kiy; (3) a linear current-controlled current source 
whose terminal current is linearly related to a controlling current - 
iy, namely, i = kip; and (4) a linear voltage-controlled current 
source whose terminal current is linearly related to a controlling 
voltage v,, namely, i = kvy. The symbols for these four types of 
controlled sources are shown in Fig. 2-8a to d, respectively. 
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Current-controlled 
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(6) 


Voltage-controlled 
Current source 


The controlling voltage v, and the controlling current i, asso- 
ciated with the above controlled sources may represent the voltage 
across any terminal pair and the current in any wire, respectively. 
In the trivial case, v; and i, may pertain to a separate network 
whose values are known. In this case, the controlled source de- 
generates to an independent source. On the other hand, v, and i, 
may pertain to a separate network, such as a transducer, which in 
turn depends on a nonelectrical variable x. In many cases, the 
value of this variable x depends on the output voltage of the 
original network. In this case, the values of v, and i, are not 
known a priori. We shall even allow a controlled voltage source to 
depend on its own terminal current, namely, 


v= ki (2-5) 


In this case, observe that Eq. (2-5) is simply a relationship between 
the voltage and current of the same terminal pair and is, therefore, 
equivalent to a linear resistor with a resistance R = kQ. Similarly, 
if a controlled current source depends on its own terminal voltage, 
namely, i = kv, then the controlled source is equivalent to a linear 
resistor with a conductance G = k mhos. We shall find the above 
interpretation useful in circuit manipulation as well as in modeling. 

To avoid confusion, it is sometimes convenient to choose 
a more explicit symbol for the controlled sources by including the 
controlling terminals as shown in Fig. 2-9a for a voltage-controlling 
variable v, and in Fig. 2-9b for a current-controlling variable i,. 


Fig. 2-9. A more explicit sym- 
bol of a controlled source is 
needed when two or more con- 
trolled sources are intercon- 
nected. 


1 Some authors prefer to re- 
strict v, and i, only to 
those variables pertaining 
to the same network. We 
shall not find this restric- 
tion necessary in this book. 
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Observe that ipg = 0 in Fig. 2-9a because the controlled source is 
not supposed to draw any current from terminal c-d (which may 
belong to another part of the network). Similarly, vea = O in Fig. 
2-9b because the wire connecting terminal c-d is a short circuit 
(which may represent the wire connected to one terminal of a two- 
terminal element). The above symbols are preferred in cases where 
two or more controlled sources are interconnected with one 
another. For example, consider the circuit shown in Fig. 2-9c 
consisting of a current-controlled voltage source in cascade con- 
nection with a voltage-controlled current source. The voltage 
across terminals a-b is 


V1 = aly (2-6) 
The current entering terminal e is 

iz = B U4 (2-7) 
Applying Kirchhoff current law at terminal e, we obtain 

ig = —i3 (2-8) 
Substituting Eqs. (2-8) and (2-7) into Eq. (2-6), we obtain 
Up, (2-9) 


where k = —af. It is important to observe that Eq. (2-9) repre- 
sents the relationship describing a voltage-controlled voltage 
source. In other words, we have just proved that a voltage-con- 
trolled voltage source can be constructed by connecting a current- 
controlled voltage source in cascade with a voltage-controlled 
current source. Similarly, it is easy to show that a current-controlled 
current source can be constructed by connecting a voltage-controlled 
current source in cascade with a current-controlled voltage source. 
___ The above four types of linear controlled sources do not exist 
in their pure forms. However, they can be easily synthesized by 
appropriate circuits. A practical circuit realization for each is 
given in Appendix C. 


Exercise 1: (a) Show that a nonlinear current-controlled voltage source with a 
terminal voltage v = v(i,) is equivalent to a nonlinear resistor if the controlling 
current i, is equal to the terminal current i. (b) Represent the nonlinear resistor 
v-i curve i = v3 — 1 by an appropriate controlled source. 
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Exercise 2: We could enlarge the class of controlled sources by allowing the con- 
trolling variable x to be the time integral, or the time derivatives of some 
controlling voltage or current. (a) Represent a linear capacitor with capacitance 
C by a controlled source. (b) Repeat (a) for a linear inductor with inductance L. 
(c) Repeat (a) for a nonlinear capacitor with a v-q Curve g = tanh v. 


Exercise 3: Synthesize a current-controlled current source with terminal current 
i = 10 ig by using a voltage-controlled current source and a current-controlled 
voltage source. 


2-4 A BASIC COMPOSITION TECHNIQUE 


As will be shown at various places in this book, certain types of 
characteristic curves have certain specific applications. With con- 
trolled elements, it often occurs that certain characteristic curves 
fit in very well for a particular design, but unfortunately, the con- 
trolling variable x is not what the design calls for. A basic tech- 
nique for overcoming this difficulty is to find a means to transform 
the undesirable variable x into the desired variable y. For example, 
suppose we wish to transform the curve z = f(x) into another curve 
Z = g(y). This can be done if we can find another relation x = h(y) 
such that 


z= f(y) =80) (2-10) 


Mathematically, the above procedure of taking the function of an- 
other function is known as a composition operation. We shall now 
demonstrate how this technique can be applied. 

Consider the cryotron listed in Table 2-1. The controlling 
variable for this element is the current Jc. Suppose instead of Io, 
we would like to use a voltage vg as the controlling variable. 
A simple way to accomplish this is to connect a voltage-controlled 
current source with a terminal current Ig = k vg in place of the in- 
dependent current source as shown in Fig. 2-10a. The constant k 
can be chosen to be any desired scale factor. In other words, the 
resulting v-i curves shown in Fig. 2-10b are now controlled by the 
voltage vg to within a scale factor k. 

Another application of the composition technique involves 
the transformation of a nonelectrical controlling variable into an 
electrical variable. The most common example is that of trans- 
forming light illumination into a controlling voltage. This can be 
easily accomplished by connecting a voltage-controlled light- 
emitting source across the element. A highly efficient light-emitting 
source is the recently discovered light-emitting diode (or gallium 
arsenide diode). As an example, consider the task of transforming 


75 


76 Foundations of nonlinear network theory 


Cryotron 


Fig. 2-10. A current-controlied the light-controlled photodiode listed in Table 2-1 into a voltage- 
cryotron is transformed into a 


voltage-controlled cryotron by Controlled diode. This is accomplished by the “coupling” technique 
means of a voltage-controlled shown in Fig. 2-1la. The resulting family of v-i curves shown in 
meters Fig. 2-11b are now being controlled by the voltage vg. This tech- 
nique is widely used in the integrated-circuit industry and is called 
the optical-coupling technique. There are two significant properties 
which make this technique very attractive. First, the physical 
dimension of the light-emitting diode and the photodiode can be 
made extremely small by modern integrated-circuit technology. In 
fact, it is so small that the user would not even realize that there is 
a miniature “light bulb” inside the package. Second, the controlling 
voltage ve is completely isolated from the photodiode terminals. 
This means that whereas vg can affect the v-i curves, the converse 
is not true. Hence, there is complete isolation between the input 
and output terminals. 
As a final application of the composition technique, consider 
the task of transforming a temperature-controlled thermistor into 
“ioc Sta Nene a voltage-controlled resistor. This is commonly done by placing a 
pling technique for transform.  Tesistive heating element near the thermistor as shown in Fig. 2-12a. 
ing a light-controlled photo. The heat produced by the controlling voltage ug is being transferred 


diode into a voltage-controlled 5 : : A453 : 
eas to the thermistor body primarily by radiation. This type of volt- 
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age-controlled thermistor is known commercially as an indirectly 
heated thermistor. The above technique is often referred to as the 
thermal-coupling technique. It should be observed that an important 
difference exists between the optical-coupling technique and the 
thermal-coupling technique. In the former, the coupling can be 
assumed to take place instantaneously for all practical purposes. In 
other words, as soon as a voltage pulse is applied, a burst of light 
will be emitted at the same time. On the other hand, it takes time for 
the thermal coupling to occur. In other words, if a certain voltage 
waveform is applied at ¢ = 0 sec, it may take a few seconds for the 
ambient temperature of the thermistor to change to a new value. 
This behavior makes the thermistor useful only in applications 
where the time of reaction is not important. There are applications 
where this ‘‘delay” property is taken advantage of. For example, in 
many control applications it is desirable to have a long delay be- 
tween the time the controlled voltage is applied and the time when 
the reaction is to occur. For this type of application, the tempera- 
ture-controlled element is usually embedded at one end of a slab 
of heat-conducting material of length /. The heating element is 
embedded at the other end as shown in Fig. 2-12b. Knowing the 
heat-transfer coefficient of the slab and the desired time delay, the 
length / can be accurately calculated. 


Exercise 1: Suppose the relationship between the illumination F (in footcandles) 
and the controlling voltage ug in Fig. 2-1lais given by F = k vg, and suppose the 
voltage waveform u(t) is given by 


222 volts Ol <7 <livisec 
vt) = a volts I< a—ans SEC 
Ae volts 3 <7 << 5iyjisec 


Find the current i(t) when a 20-volt battery is connected across the photodiode 
type 1NXX10 given in Appendix D. 


(d) 


Fig. 2-12. A ‘‘thermal’’ cou- 
pling technique for transform- 
ing a temperature-controlled 
element into a voltage-con- 
trolled element with delay. 
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Exercise 2: Suppose the heating element of an indirectly heated NTC thermistor 
produces a_ heater-voltage-to-temperature relationship T = —k/\n (v/100), 
v < 100 volts. Find the resistance-vs.-heater-voltage relationship of this thermistor. 


2-5 SUMMARY 


Two-terminal controlled element A two-terminal network element 
whose characteristic curve at any time of measurement depends on 
the value of some physical variable x. 


Three types of controlled elements 


1. Controlled resistor: characterized by a family of curves i = 
i(v,x) or v = v(i,x) 

2. Controlled capacitor: characterized by a family of curves 
Gi=GU,X) Of U = 0G,x) 

3. Controlled inductor: characterized by a family of curves 
y = 9(i,x) or i = i(¢,x) 


Controlled sources A special class of controlled resistors whose 
family of v-i curves is composed of either vertical lines or horizon- 
tal lines. 


1. Vertical lines: v = v(x), independent of 7. This type is called 
an x-controlled voltage source. 


2. Horizontal lines: i = i(x), independent of v. This type is called 
an x-controlled current source. 


Two classes of controlled sources 


1. Transducers: when the controlling variable is a nonelectrical 
quantity, for example, strain, position, velocity, acceleration. 


2. Electrical controlled sources: when the controlling variable is 


an electrical variable, for example, voltage, current, charge, 
flux linkage. 


Four types of linear electrical controlled sources 

1. Voltage-controlled voltage source, v = k vz 
2. Current-controlled voltage source, v = k iy 
ig 
4. Voltage-controlled current source, i = k vz 


3. Current-controlled current source, i 


Basic composition technique A controlled resistor which is con- 
trolled by a nonelectrical variable x can be transformed into an 
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electrically controlled controlled resistor by devising some coupling 
mechanism for converting the variation in x into a corresponding 
voltage variation ve or current variation ic. Example: given 
v = W(x), choose x = f(ve) to obtain v = v(i, f(ve)). This proce- 
dure for taking the function of another function is called a 
composition operation. 


Two common composition operations 
1. Optical coupling 
2. Thermal coupling 


PROBLEMS 


2-1 In the discussion of thermistors, it was shown that if the applied volt- 
age is small (normally less than 5 volts), the thermistor v-i curves 
are approximately linear. This makes it possible to define a resist- 
ance R(T’) which depends only on the “ambient” temperature T. 
However, as the voltage increases, the power dissipation will 
gradually heat up the thermistor, thereby raising the temperature of 
the thermistor above its surrounding ambient temperature. This 
self-heating phenomenon (which may take a minute to reach an 
equilibrium) is mainly responsible for the nonlinearity of the v-i 
curves for large voltages. Conversely, for each v-i curve correspond- 
ing to an ambient temperature 7, we can calibrate the amount of 
power dissipation at each point on the curve. This information is 
very useful for designing sensitive “power” measuring devices. In 
order to obtain this information easily, it is more convenient to plot 
the family of v-i curves on log-log papers. 

(a) Sketch the v-i curves of the NTC thermistor type INXX12 on 
a logarithmic paper. 

(b) Draw the constant-power curves P = vi on top of the v-i 
curves with the parameter P = 0.01, 0.1, 1.0, and 10 watts. 
Verify that these curves represent a system of straight lines and 
specify the slope of the lines. 

(c) Sketch the constant-resistance curve R = v/i on top of the v-i 
curves with the parameter R = 0.1, 0.5, 1.0, 5.0, and 10k Q. 
Verify that these curves also represent a system of straight 
lines and specify the slope of the lines. 

(d) Repeat (b) and (c) on ordinary scales and compare the advan- 
tages and disadvantages between the two representations. 


2-2. Ifa current of sufficient size is passed through a thermistor in the 
nonlinear region of the v-i curve, the thermistor body temperature 
and consequently its dc resistance R = v/i will depend on the rate 
of heat transfer from the thermistor to its surrounding. (See Prob. 
2-1.) For a fixed amount of power dissipation, a thermistor with an 
air environment will transfer heat slower than if the environment is 
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(b) 


a liquid (assuming that both air and liquid are at the same ambient 
temperature). Consequently, the thermistor body temperature will 
be lower in the liquid than in the air. This property can be used to 
design liquid-level meters, flowmeters, etc. 


(a) 


(b) 


(c) 


Consider the closed tank shown in Fig. P2-2a whose wall 
is lined with a string of identical thermistors type INXX12 
and connected in series with an J = 4ma current source. The 
voltage developed across each thermistor can be monitored by 
a voltage-sensitive device such as a voltmeter or even a small 
light bulb. Assuming that the heat-transfer rate is such that the 
thermometer equilibrium temperature is 25°F if it is immersed 
in the liquid and 75°F if it is in air, find the voltage that will 
be indicated by each voltmeter when the liquid attains a cer- 
tain level. 

The same principle will now be used to design a flowmeter for 
measuring the velocity of a liquid flowing through a pipe by 
inserting a thermistor as shown in Fig. P2-2b. Explain how to 
calibrate the scale of a voltmeter to indicate the flow in gal- 
lons per second directly? This scale will very likely be nonlin- 
ear. What should be done to linearize the scale? 

Another application of thermistors is given by the string of 
Christmas bulbs shown in Fig. P2-2c. Without the thermistors, 
the bulbs will not light whenever one bulb burns out, ice., be- 
comes an open circuit. With the thermistors connected, the re- 
maining bulbs will continue to light. Explain the principle 
involved. HINT: If each bulb is lighted, the voltage across 
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it will be small so that the thermistor is not heated, thereby 
exhibiting a very high resistance. 


2-3 Since a solar cell is a low-power active element, it is capable of 
supplying only a very small amount of power to its external load. 


2-4 


v,(t) 


(a) 


(b) 
(c) 


For a given light intensity, there is a point Q on the v-i curve 
for which maximum power is delivered to the load. Show that 
this point must satisfy the condition 


di __i 


dv v 


Interpret geometrically the meaning of the above equation and 
give a procedure for locating the maximum-power point Q. 
Use the above procedure to find the maximum power that the 
solar cell type INXX11 is capable of supplying with a 350-fc 
input. 


In a certain biological control system, an artificial light source 
is used to control the output current of a INXX9 gas photo- 
tube connected in the simple circuit shown in Fig. P2-4a. The light 
source emits a modulated output luminous flux F as shown in Fig. 
P2-4b. 


(a) 


(b) 


If the output voltage of the voltage source v,(t) is as shown in 
Fig. P2-4c, determine the resulting current i(f) through the 
phototube. 

Repeat (a) for the case when v,(f) is as shown in Fig. P2-4d. 


Fig. P2-4. 


(a) 
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Fig. P2-5. 


Fig. P2-6. 
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In a certain infrared experiment, a low-frequency square-wave cur- 
rent source i(t) as shown in Fig. P2-Sa is desired. A simple way to 
realize this current source consists of focusing a narrow beam 
of light through the teeth openings of a rotating disk onto a photo- 
diode connected in the circuit shown in Fig. P2-5b. Design the com- 
plete system so that the current i(¢) will be as specified. Use a 
photodiode type INXX10 and a disk with five evenly spaced teeth. 
Assume that a light source with an illumination of 3,000 fe is 
available. Find (a) the battery voltage E, (b) the angles 4, (of a 
space) and 42 (of a tooth), and (c) the rate of disk rotation in rpm. 


i (t), wa 


(a) (b) 


Translucency is an important parameter in the manufacture of a 
certain plastic. It is necessary to monitor this parameter contin- 
uously. In order to do this the plastic sheet is passed between a light 
source and a solar cell type INXX11 as shown in Fig. P2-6. When 
the plastic is properly manufactured, the solar cell receives an 
illumination of 250 fc. However, the plastic processing varies and 
the solar cell may receive as much as 500 fe of illumination. These 
variations must be measured so that the processing may be re- 
turned to normal. A voltmeter connected across the solar cell acts 
as a detector. The voltmeter has an internal resistance of 20 Q and 
a maximum rating of 0.25 volt. Select the value of R to be con- 
nected in parallel with the voltmeter so that the voltmeter has 
its maximum deflection when the solar cell receives 500 fe. 


Plastic 
sheet 


The black box shown in Fig. P2-7a is called an integrator because 
the output voltage v(t) of the controlled voltage source is simply the 
integral of the input voltage vin(‘). For convenience, we usually de- 
note this integrator in practice by the symbol shown in Fig. P2-7b. 
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(a) Using an integrator, devise a simple circuit to display the i-p 
curve of a nonlinear inductor on an oscilloscope. You may use 
a Variac (variable voltage transformer) to provide the desired 
range of input voltage. You may use a linear resistor to sense 
the magnitude of current. To avoid grounding problems, you 
may use a 1:1 isolation transformer. 

(b) Repeat (a) for the v-q curve of a nonlinear capacitor. 


Fig. P2-7. 


(a) 


2-8 A light-controlled resistor can be used for designing many use- 
ful gadgets. 

(a) A circuit for turning on a house light automatically at dusk is 
shown in Fig. P2-8a. Assuming that the normally closed-relay 
contact will open as soon as the relay current exceeds 0.05 ma, 
find the battery voltage E so that the light bulb will turn on as 
soon as the daylight illumination level drops below 335 fc. You 
may assume the voltage drop across the relay to be negligible. 

(b) An automobile taillight failure warning circuit is shown in 
Fig. P2-8b. The light illumination on the photodiode is derived 
from the taillight lamp. This circuit, if properly designed, will 
turn off the dashboard warning lamp whenever the taillight 
lamp breaks down. If the dashboard lamp requires at least 
0.5 ma to operate, how many footcandles of light from the tail- 
light lamp must reach the photodiode? reueae 


Dashboard 


1NXX10 Light bulb 
lamp 


Tail-light 


switch INXX10 


110-volt dE 
(normally | line = H=12 volts 
voltage 

closed when|l g Tail-light 
lamp 


i=0) |! 


(b) 


Fig. 3-1. In the process of 
characterizing a multiterminal 
black box, one terminal is ar- 
bitrarily chosen to be the com- 
mon (ground) terminal. The 
voltages of the remaining ter- 
minals are then measured with 
respect to the common termi- 
nal. 


3 - terminal 
black 
box 


3 - terminal 
black 
box 


n- terminal 
black 
box 


3-1 CHARACTERIZATION OF A MULTITERMINAL BLACK BOX 


Many devices have more than two terminals. Our object in this 
chapter is to learn how these multiterminal devices may be char- 
acterized so that we shall be in a position to use them effectively. 
The basic principles discussed in the preceding chapters for char- 
acterizing two-terminal devices are still applicable. A set of meas- 
urable independent variables is selected and a series of external 
measurements is taken with the objective of deriving a consistent 
relationship among the variables. Once this relationship is found, 
we have characterized the black box because from then on, any 
design using this device can be undertaken on the basis of this 
relationship alone, thereby obviating the need for further meas- 
urements. 

To discuss the selection of an independent set of variables, let 
us consider first the three-terminal black box shown in Fig. 3-la. 
The most obvious variables are the currents i1, i2, and i3 entering 
the terminals, and the voltages v1.2, v23, and vs; between terminals. 
However, as will be shown in the next chapter, the black box in 
Fig. 3-la can be considered as a supernode and the currents 14, iz, 
and i3 entering this node must satisfy the Kirchhoff current law, 
namely, i; + ig + iz = 0. Hence, if we know the value of any two 
of these three currents, we can calculate the third, and therefore 
there is no need to measure all three currents. This observation is 
equivalent to saying that the three variables i, ig, and iz are not 
independent. Similarly, the three variables vj, v23, and v3; are not 
independent because from the Kirchhoff voltage law, we have 
Vi2 + V23 + U31 = 0. Consequently, among the six variables shown 
in Fig. 3-la, only two currents and two voltages are independent. 
For this reason, we may select any terminal to be the common 
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terminal (usually called the ground) and define the two currents 
i1, ig and the voltages v1, v2 as shown in Fig. 3-15. In theory, 
there is no reason for preferring one terminal over another as the 
common terminal. In practice, however, such a preference may be 
desirable because the measurements may be easier and more 
accurately obtained. To avoid ambiguity, it is of the utmost 
importance to specify the common terminal associated with the 
measured characteristics of a particular device. 

With the above precaution, let us investigate the type of 
measurements that may be taken. Just as in the two-terminal case, 
it is necessary to excite the black box by a voltage source or a cur- 
rent source. However, the response to these excitations need not 
be restricted to currents and voltages. Recall that it is possible to 
measure the charge q; entering terminal j by integrating the current 
i;, namely, 


HO= [adr j= 1,2 (3-1) 


Similarly, we can measure the flux linkage q; associated with each 
voltage v; between terminal j and the ground by integrating the 
voltage v;, namely, 


oO) = [° wt)dr jf = 1,2 (3-2) 


Hence, among the variables of interest to us are vj, ij, gj, and q;, 
where j = 1 or 2. Any independent combination of these variables 
constitutes a valid set of measurements.” If a certain set of meas- 
urements leads to some consistent relationship, then the device is 
said to be characterized by that relationship. Among the several 
distinct combinations, the following three cases are of special 
practical importance: 


Case 1: Relationship involving only 04, v2; 11, iz 
Case 2: Relationship involving only 04, v2; 91, 42 


Case 3: Relationship involving only 11, i2; 91, p2 


In analogy to the classification of two-terminal elements, any 
three-terminal element which falls under case 1, case 2, or case 3 
is called a three-terminal resistor, a three-terminal capacitor, or a 
three-terminal inductor, respectively. 

It is now a simple matter to extend our definition to multi- 
terminal elements (n > 3). For the same reason as before, among 
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1This is especially true for 
transistors, where the char- 
acteristic curves can be 
more accurately, and more 
easily, measured if a par- 
ticular terminal, called the 
emitter, is chosen to be the 
ground terminal. This ter- 
minal is usually identified 
by the transistor manufac- 
turer in the form of ap- 
propriate markings. 


2 Observe that the combina- 
tion i; and g; is not valid 
because these variables are 
already related by Eq. 
(3-1) and are therefore not 
independent. Similarly, the 
combination v; and q; is 
not valid. 
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the n currents entering the terminals and the n voltages between 
terminals, only (n — 1) currents and (n — 1) voltages are inde- 
pendent. Hence, one of the terminals is chosen to be common, 
and the (n — 1) independent terminal currents and voltages are 
defined as shown in Fig. 3-lc. The corresponding element classifi- 
cations now take the following forms: 


1. N-terminal resistors, involving only v1, V2, .. . , Un—13 H4, t2,--- 5 In-1 

2. N-terminal capacitors, involving ONLY 01, D2, «0:50 n—15 Glo Ga naer 
Qn-1 

3. N-terminal inductors, involving only 4, /2,..., in—13 P1, P2,---> 
Pn-1 


3-2 THREE-TERMINAL RESISTORS 


A three-terminal resistor is characterized by two separate sets of 
measurements. One set of measurements is obtained by applying 
an independent source x2 (which may be a voltage source or a 
current source) across terminals b-c as shown in Fig. 3-2a, and 
measuring the v,-i; curve across terminals a-c of the resulting 
two-terminal black box. For each value of the independent source 
X2, a corresponding v-i curve is obtained. If enough measurements 
are taken, a whole family of v1-i; curves can be plotted, each 
curve corresponding to a given value of x2. For convenience, we 
shall usually refer to this set of measurements as the input-charac- 
teristic curves. An example of a hypothetical set of input-character- 
istic curves is shown in Fig. 3-2b, where the variables z1-y,; may 
denote either v,-i, or i,-v1. Observe that the input-characteristic 
curves can be interpreted as the v-i curves of a controlled resistor 
with x» as the controlling variable. As a matter of fact, there are 
some practical applications for which the output terminals b-c are 
connected across an independent source. In this case, the three- 
terminal resistor is used simply as a controlled resistor, and the set 
of input characteristic curves is sufficient for all design purposes. 
However, if the circuit connected across the output terminals b-c 
is not an independent source, which is usually the case, then the 
set of input characteristic curves does not completely characterize 
the three-terminal resistor. This is because we have no way of 
finding the value of x2 which applies at a particular time. To com- 


plete the characterization, we need to perform another set of 
measurements. 
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The second set of measurements is obtained by applying an- 
other independent source x; (which can be either a voltage source 
or a current source) across terminals a-c as shown in Fig. 3-2c, 
and measuring the v2-i2 curve across terminals b-c of the resulting 
two-terminal black box. An analogous set of v2-i2 curves can be 
plotted with the value of x; as a parameter. We shall usually refer 
to this set of curves as the output-characteristic curves. A hypo- 
thetical set of output-characteristic curves is shown in Fig. 3-2d, 
where the variables z2-y2 may denote either v2-i2 or ig-ve. Observe 
that the output-characteristic curves of a three-terminal resistor 
can also be interpreted as the v-i curves of a controlled resistor. In 
this sense, a three-terminal resistor is completely equivalent to two 
controlled resistors. 


(d) 


Fig. 3-2. A three-terminal re- 
sistor is characterized by two 
sets of curves; each set can be 
interpreted as the v-i curves of 
a two-terminal controlled re- 
sistor. 


3-terminal 
resistor 


3-terminal 
resistor 


(a) Independent variable: v, (b) Independent variable : Up 
Controlling variable: v, Controlling variable: v, 
i, =1,(¥,, 4) Method 1 i, =4,(U,, V1) 
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3-terminal 
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Controlling variable: i 


Method 4. i, =1,(U,, 1) 
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Fig. 3-3. Four laboratory setups for measuring the characteristic curves of a three-terminal resistor. 
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3-2-1 FORMS OF REPRESENTATION 


In Fig. 3-26, y1 represents the dependent variable, z; the inde- 
pendent variable, and x2 the controlling variable. Similarly, in Fig. 
3-2d, y2, Z2, and x, represent the dependent, independent, and 
controlling variables, respectively. Since each of these variables 
may be either a voltage or a current, there are four distinct com- 
binations corresponding to the four laboratory setups shown in 
Fig. 3-3. In the first setup, the input-characteristic curves are ob- 
tained by measuring the current i; corresponding to different 
values of v1, while keeping the value v2 fixed at some value E2. The 
resulting points are plotted into a v-i; curve, with v2 = E> as the 
parameter. The procedure is repeated for different values of v2. To 
obtain the output-characteristic curves, we measure the current i 
corresponding to different values of ve, while keeping the value of 
vi fixed at some value £,. The resulting points are plotted into a 
Ug-i2 Curve, with v; = Fj as the parameter. 


Exercise: Explain how the measurements are taken in the remaining three setups 
and sketch a hypothetical set of input- and output-characteristic curves in each 
case. 


In order to illustrate the different combinations, let us consider 
a hypothetical three-terminal resistor.1 Suppose the characteristic 
curves of this resistor have been measured by method | and are 
shown in Fig. 3-4a. In order to simplify our discussion, we have 
“contrived” these curves so that they may be represented mathe- 
matically by the following two equations: 


(3-3) 
(3-4) 


iy = (Vy + V2) 


ig = (Ve — 01)13 


Since the slope at each point of the curves has the unit of “con- 
ductance,” we shall refer to these sets of curves as the conductance 
representation. It is important to realize that each of the four 
methods of measurements given in Fig. 3-3 gives a complete 
characterization of the device. Therefore, for a given device, it is 
necessary to choose only one method, whichever is simpler, and 
from the resulting measurements we should be able to replot the 
points so as to obtain two new sets of curves corresponding to an- 
other method of measurement. 

In order to illustrate how one set of measurements can be con- 
verted into an equivalent set of measurements, let us repeat our 


89 


1The reader is strongly 
urged to think in terms of 
hypothetical devices, even 
though they may not be as 
motivating as real devices. 
After all, the transistor 
was just as hypothetical as 
many of our examples un- 
til its discovery in 1948! 
The effort to think more 
abstractly will be amply 
rewarded by the ability to 
analyze circuits containing 
new devices yet to be in- 
vented. 

2In practice, it is generally 
not possible to find a rea- 
sonably simple mathemat- 
ical description. This is 
why the majority of prac- 
tical three-terminal devices 
is invariably described by 
two sets of characteristic 
curves. 
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Conductance representation 


(b) Resistance representation 


3 


7 a3 
(2 v, +1, ) 
(c) Conductance-resistance representation 


Fig. 3-4. A three-terminal resistor is completely characterized by any one of six distinct forms of representations. 
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(f) Current ratio - voltage ratio representation 


Fig. 3-4 (Continued) 
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experiment on the above device using the remaining three methods. 
If these experiments were carried out accurately on this device, we 
should obtain the sets of curves shown in Fig. 3-4b, c, and d, 
respectively. For analogous reasons, these characteristic curves 
are called the resistance representation, conductance-resistance repre- 
sentation, and resistance-conductance representation, respectively. 
To show that we can derive the resistance representation from the 
conductance representation, let us solve for v1 and ve in terms of 
i, and ig in Eqs. (3-3) and (3-4). The result is given by 


\, (i,1/3 = i?) (5) 
Vy (ig3 + i41/3) (3-6) 


Uy 


vg 


Equations (3-5) and (3-6), when plotted, must give the same sets 
of curves shown in Fig. 3-4b, because they pertain to the same 
device. 

By a similar procedure, we can solve for i; and v2 in terms of 
v; and iz from Eqs. (3-3) and (3-4) to obtain the following con- 
ductance-resistance representation: 


Oceano: (3-7) 
Ve = (12° + U1) (3-8) 


Similarly, by solving for v; and ig in terms of i; and v2 from Eqs. 
(3-3) and (3-4), we obtain the following resistance-conductance 
representation: 


Vy = (11/3 — ve) (3-9) 
pe (On aie (3-10) 


Actually, we can solve for two more combinations from Eqs. 
(3-3) and (3-4) which do not have an experimental counterpart. 
For the first combination, we can solve for v, and i; in terms of v2 
and iz to obtain 


b= (V2 _ i?) (3-11) 
i (—i23 + 2v2)3 (3-12). 
Since the slope of each point on the first set of curves represents a 


voltage ratio and that of the second set represents a current ratio, 
we shall refer to the above sets of relationships as the voltage ratio- 
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current ratio representation. The second combination is obtained 
by solving for v2 and i in terms of v; and i; thus 


vg = (—v, +111’) (3-13) 
a (i,1/3 = 20;)1/3 (3-14) 
In order to avoid ambiguity with the voltage ratio—current ratio 
representation, we shall refer to this combination as the current 
ratio—voltage ratio representation. Observe that the last two repre- 
sentations cannot be measured directly; they must be converted 
from the other four representations. 

Only six common forms of representation are given in Fig. 
3-4. Actually, there are other forms of representation which are 
just as valid and, in fact, may be more appropriate for some 
applications. In particular, any two sets of measurements which are 
independent of one another would qualify. For that matter, any 
representation on the left column of Fig. 3-4 may be combined 
with any representation on the right column. For example, it 
is just as valid for us to represent the three-terminal resistor by 
Eq. (3-7) for its input-characteristic curves and Eq. (3-4) for its 
output-characteristic curves. 

The above examples show conclusively that whereas a three- 
terminal resistor may be characterized by at least six distinct 
forms of representations, these representations are not independent. 
If one representation is given analytically, then the remaining 
representations may be obtained by solving for the desired de- 
pendent variables in terms of the independent variables, provided 
such a solution exists. Even in the two-terminal case, we have 
seen many examples of v-i curves described by v = v(i) for which 
it is not possible to solve for i = i(v). This is because the latter 
may be a multivalued function of v. The same situation holds for 
three-terminal resistors. We may not be able to solve for vy and v2 
in terms of i, and i in the resistance representation if the variables 
V1 and ve are multivalued functions of i; and iz. For example, con- 
sider the representation 


iy = (V1 + U2)? (3-15) 
i V4? + Uo* (3-16) 
It is easy to see that there are many values of (v1,2) which give the 


same (i1,/2). For example, v; = 1, ve = | and v7 = —1, ve = —1 
both give i; = 4 and ig = 2. 
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There is a special type of three-terminal resistor which will be 
of some importance to us when the characteristic curves consist of 
a system of uniformly spaced straight lines. For this type of three- 
terminal resistor it is not necessary to plot the characteristic curves 
because they can be easily described by two linear equations. 
Corresponding to the six distinct representations given in Fig. 3-4, 
we now have the following simplified equations: 


Conductance representation Resistance-conductance 


: e i 
iy = gids + Ziove + Ty representation 


ig = goi1 + Z22v2 + Ie V1 = Ayyiy + Ayeve + Fr 


. f ig = hoyi 
Resistance representation : ali + heave + Ie 


; é Voltage ratio-current ratio 
Uy = fiila + rele + FE g ; 
representation 


Ve = Faila + reeie + Ee (3-17) 
Uy = We + hele + Fy 


Conductance-resistance ; : 
iy = fave + leela + Th 


representation 
iy = Kyi + kizieg + lh 
Ve = key + kooig + Eg 


Current ratio-voltage ratio 
representation 


Ve = Y1101 + Yi1el1 + Ee 
ig = Yo1W1 + Yoel1 + Ia 


A further special case occurs when the constants 14, J2, F4, 
and E> in Eqs. (3-17) are zero. In this case, each of six sets of co- 
efficients gij, rij, kij, hij, taj, OF Yij Completely describes the element. 
These coefficients can be easily calculated from the system of 
straight lines. For example, the g;; parameters can be found from 
Eq. (3-17); thus 


eel 1 
Sl aes 22 = —— 
Uz Iv2=0 V2 |v,;=0 
; (3-18) 
_, i lg 
Sula £2 
V1 !v2=0 V2 1v4=0 


Equation (3-18) says that to find g11, we look for the straight line 
with parameter v2 = 0 and calculate its slope. Physically, referring 
to Fig. 3-34, gi; can be found by short-circuiting the output 
terminals and measuring the conductance across the input termi- 
nals. The remaining three parameters have a similar interpretation. 
For this reason, the gi; parameters are usually called short-circuit 
conductances. For a similar reason, the rj; parameters are usually 
called open-circuit resistances; the kj and hi; parameters are usually 
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called hybrid parameters; the ty and yi parameters are usually 
called transmission parameters. 


Exercise 1: Derive Eqs. (3-5) to (3-14) from Eqs. (3-3) and (3-4). 

Exercise 2: A three-terminal resistor is characterized by the following voltage 
ratio-current ratio representation: 

Vi = (v2 + i2)3 

iy = (v2 + ig)1/8 

(a) Find the remaining five representations. (b) Do all representations consist of 


a family of curves? If some representation reduces to only one curve, explain its 
significance. 


Exercise 3: The resistance representation of a certain three-terminal resistor is 
given by 

Upl=— 2h — Sip + 2 

vy = + 4b + 4 

(a) Find the remaining five representations. (b) Sketch the characteristic curves 
in each of the six representations. 


Exercise 4: (a) Find the conditions on the characteristic curves so that the con- 
stants [;, Iz, E;, and E2 are zero in Eqs. (3-17). (b) Give explicit formulas for 
evaluating the remaining parameters rij, kij, hij, tij, and yi; in a form similar to 
Eq. (3-18). (c) Using these formulas, calculate the numerical value in each case 
for the resistor given in Exercise 3, and check your answers with those obtained 
in Exercise 3. 


Exercise 5: Repeat Exercise 3 for the following representation: 

vy = 1 + 2ie 

Ve = 2i, + 4ie 

If any representation fails to exist, give a geometrical interpretation and explain 
why. 


3-2-2. GRAPHICAL TRANSFORMATION OF REPRESENTATIONS 


The fact that a certain representation may not exist analytically 
does not imply that this representation cannot be obtained by 
other means. On the contrary, we can always use graphical tech- 
niques to replot a given set of characteristic curves into another 
set. As a matter of fact, this approach is more realistic because al- 
most all practical devices are described by two sets of curves, not 
by two simple equations. 

To illustrate the graphical approach, let us suppose it is 
desirable to convert the curves given in the conductance repre- 
sentation (Fig. 3-4a) into an equivalent set of curves in the 
resistance-conductance representation of Fig. 3-4d. Consider first 
the determination of the input-characteristic curves v1 = U1(i4,V2). 
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Fig. 3-5. The graphical proce- 
dure for obtaining the output- 
characteristic curves of the re- 
sistance-conductance __ repre- 
sentation consists of (a) draw 
the horizontal line i; =k in 
the v 4-7, plane of the conduct- 
ance representation; () trans- 
fer the points of intersection 
into the v2-i2g plane; and (c) re- 
plot this curve with 7 as the 
parameter. 


1A simple method for ob- 

taining these curves is to 
trace the curves of Fig. 
3-4a on transparent paper, 
flip the paper over, and 
reposition it so that the vy 
axis becomes the vertical 
axis. 


Since ve is the controlling variable, we must assign specific param- 
eter values to v2 and try to locate the points corresponding to this 
parameter value. These points can be found systematically by ob- 
serving that the constraint v2 = k is satisfied by all points on the 
v-i curve corresponding to v2 = k in Fig. 3-4a. Hence, in this case, 
we need only to replot this curve with i; as the horizontal axis and 
v1 the vertical axis.! Repeating this procedure for different values 
of k would lead to the same characteristic curves shown in 
Fig. 3-4d. 

To obtain the output-characteristic curves, we observe that the 
controlling parameter is now i;. Hence, for each parameter value 
k the constraint i; = k represents a horizontal line in the input- 
characteristic curves of Fig. 3-4a, as shown in Fig. 3-Sa. The 
coordinates (v;,V2) of the points of intersection (such as a, b, c, d, 
e, and f) of this line with the input-characteristic curves can now 
be transferred to corresponding points in the v2-i2 plane as shown 
in Fig. 3-55 (points a’, b’, c’, d’, e’, and f’). If a smooth curve is 
passed through these points, we would obtain the desired v-is 
curve corresponding to the controlling parameter i; = k. This 
curve is replotted as shown in Fig. 3-Sc. If the procedure is repeated 
for different parameter values, we would obtain the same output- 
characteristic curves shown in Fig. 3-4d. 


Exercise 1: Give the graphical procedure for obtaining the curves in the resist- 
ance representation from the curves in the conductance representation. Sketch 
one curve in each case and check your answer with that given in Fig. 3-45. 


Exercise 2: Repeat Exercise 1 for the following cases: (a) conductance-resistance 
representation and (6) current ratio-voltage ratio representation. 


Exercise 3: Given the characteristic curves in the resistance-conductance rep- 


resentation, find the graphical methods for obtaining the remaining five 
representations. 
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3-2-3. TRANSFORMATION TO ANOTHER COMMON TERMINAL 


Our discussions and derivations in the preceding sections have 
been presented under the tacit assumption that terminal c of the 
three-terminal resistor in Fig. 3-2 is the ground terminal. In many 
practical problems, occasions arise wherein a different ground 
terminal is desired. We can certainly go to the laboratory and 
perform the same sets of measurements as before with respect to 
the new ground terminal. However, not only is this a time- 
consuming process, but on many occasions we do not have the de- 
vice on hand. For example, we may be using the character- 
istic curves supplied by the manufacturer, and we certainly would 
not want to buy the device and measure the curves (with respect 
to our new ground terminal) only to find out later that the result- 
ing characteristic curves are unsuitable. Since the same device is 
involved, there must be a way to transform the characteristic 
curves (with respect to our common terminal) into an equivalent 
set of characteristic curves with respect to another terminal. In- 
deed we can; in fact, all we need to do is to apply Kirchhoff volt- 
age and current laws. 

To show the procedure for obtaining the desired transforma- 
tion, let us consider the same three-terminal resistor of Fig. 3-2. 
For comparison purposes, this resistor is redrawn in Fig. 3-6a 
with its original voltage and current variables. The same resistor 
is shown in Fig. 3-66, but with a new set of voltage and current 
variables with respect to the new ground terminal b. In order to 
avoid confusion, we use primes to denote the new variables. The 
original resistor is characterized by Eqs. (3-3) and (3-4), which we 
reproduce here for convenience: 


i= (U1 + V2)3 (3-19) 
‘ocean es (3-20) 
+ ; - 
vi a 


3 - terminal 
resistor 


3 - terminal 
resistor 


Fig. 3-6. Corresponding to 
each ground terminal, a dis- 
tinct set of voltage and current 
Cat: variables must be defined for 
(a) SZ (b) a three-terminal resistor. 
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In order to transform to the new variables, we must express U4, V2, 
iz, and iy in terms of vj, v2, i, and i$. Since the two resistors 
shown in Fig. 3-6 are identical, their corresponding voltages and 
currents must be identical. Hence, we can apply the Kirchhoff 
voltage law to obtain 


V1 = Vy — U3 (G-2) 
Ve = —Us (3-22) 


Similarly, since the Kirchhoff current law is applicable to the 
“supernode” discussed earlier, i; + ig + i3 = 0. But i; = 4% and 
iz = 13; therefore, we obtain 


pots (3-23) 
eae) (3-24) 


Substituting Eqs. (3-21) to (3-24) into Eqs. (3-19) to (3-20), we ob- 
tain, after some simplification, the following desired relationship: 


i, = (| — 20h)3 (3-25) 
ig = (vi)/3 — (Uy — 203)8 (3-26) 


In most practical devices, the curves are given graphically. In 
this case, the same method applies; however, the procedure is 
much more tedious. To do this systematically, a table must 
be prepared for values computed from Eggs. (3-21) to (3-24). This 
task can be automated by writing a computer program for con- 
verting one representation into another. 


Exercise 1: Find the procedure for transforming the conductance representation 
of the three-terminal resistor shown in Fig. 3-6a into an equivalent conductance 
representation with terminal a as the ground terminal. Let i/ and ij denote 
the currents entering terminals b and c, respectively. Let v/ and vy denote the 
voltage at terminals b and c, respectively. 


Exercise 2: By a strictly graphical approach, transform the characteristic curves 
of Fig. 3-4a into an equivalent set of curves in the conductance representation 
but with terminal b as the ground terminal. Check your solution by plotting the 
curves given by Eqs. (3-25) and (3-26). 


3-2-4 SOME PRACTICAL THREE-TERMINAL RESISTORS 


So far, for the sake of generality, we have considered only hypo- 
thetical elements. Actually, there are many practical three-terminal 
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resistors which are widely available commercially, some of which 
are listed in Table 3-1. Because they are practical devices, the 
three terminals of each device are usually identified by terms re- 
lated to internal construction. For example, for the vacuum triode, 
these terminals are called the grid, the plate, and the cathode. In- 
stead of using subscripts 1 and 2, we shall use letter subscripts for 
the terminal current and voltage variables. The characteristic 
curves of the triode are given in the conductance representation. 
Observe that whereas the output-characteristic curves are widely 
spaced, the input-characteristic curves are “packed” close to each 
other. Physically, this means that whereas the grid voltage Vg 
exerts a significant influence on the output-characteristic curves, 
the plate voltage Vp influences the input-characteristic curves only 
very slightly. In view of this property, we can usually approximate 
the input-characteristic curves by only one curve for most prac- 
tical purposes. Mathematically, this is equivalent to replacing the 
representation i, = i;(v1,V2) by i; = i1(v1). As we shall see later, 
this approximation greatly simplifies the analysis procedure. 
The second three-terminal resistor listed is called a thyratron. 
Observe that the input-characteristic curves are given in the con- 
ductance-resistance representation, but the output-characteristic 
curves are given in the conductance representation. This particular 
representation is usually chosen by the manufacturer because the 
measurements can be more accurately taken. The next two ele- 
ments listed are called n-p-n and p-n-p transistors, respectively. In 
both cases, the terminals are called emitter, base, and collector. 
The only difference in their symbols is the direction of the arrow- 
head, /eaving the emitter terminal for the n-p-n transistor and 
entering the emitter terminal for the p-n-p transistor. In both 
cases, the input-characteristic curves are given in the conductance 
representation, but the output-characteristic curves are given 
in the resistance-conductance representation. The characteristic 
curves for the n-p-n transistor in Table 3-1 are measured with the 
base as the common terminal. Hence, they are called the common- 
base characteristic curves. In contrast with this, the emitter of the 
p-n-p transistor in Table 3-1 is the ground terminal. Consequently, 
these characteristic curves are called the common-emitter charac- 
teristic curves. In view of our previous discussion, it does not 
matter to which configuration the characteristic curves belong; 
after all, given one, we can find the other if necessary.’ However, 
it turns out that for either the n-p-n or the p-n-p transistors, the 
common-emitter characteristic curves are easier to measure and 
are, therefore, the favorite form supplied by manufacturers. Just 


99 


1 See Appendix D for more 
n-p-n and p-n-p transistor 
characteristic curves in 
both configurations. 
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TABLE 3-1 A list of common three-terminal resistors. 
See ee EE eee 


Input- Output- 
characteristic characteristic 
Name Symbol curves curves 
ALT ig ma 
500+ Vp = 
400 + 50 
100 
Vacuum Let 
triode 200 
VE , 
volts 
AI, ma AI, ma 
og. V, = Controlled grid 
Fe voltage in volts 
Thyratron 4 Vv, 
volts 
_ 
Vey 
volts 
n-p-n 
transistor 
Al prima 
—+—$ i 
o4 Vv, 
p-n-p volts 
transistor 


0 volts 
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Input- Output- 
characteristic characteristic 
Name Symbol curves curves 


P-channel 

field-effect 

transistor 
(FET) 


N-channel 

field-effect 

transistor 
(FET) 


Unijunction 
transistor 


silicon - 

-ontrolled 

rectifier 
(SCR) 
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‘This element is usually 
called the FET in practice. 
It is fast becoming a work- 
horse in electronic circuits. 
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as with the vacuum triode, the input characteristics of either the 
n-p-n or p-n-p transistors are usually approximated by a single v-7 
curve. 

The next two elements listed in Table 3-1 are called p-channel 
and n-channel field-effect transistors, respectively.1 The three ter- 
minals are called the gate, the drain, and the source. The 
usual characteristic curves supplied by the manufacturer are in 
the common-source configuration, as shown in Table 3-1. Observe 
that unlike the preceding cases, the input-characteristic curves of 
the FET consist of only one v-i curve. Physically, this means that 
the drain voltage and the drain current have no effect whatsoever 
on the input-characteristic curves. As we shall see later, this 
property is highly desirable for many applications. 

The next element in the list is called a unijunction transistor. 
The three terminals are usually called the emitter, the base By, and 
the base By. Unlike the other elements, both the input and 
the output-characteristic curves are widely spread out. It is not 
possible, therefore, to approximate the input-characteristic curves 
by only one v-i curve. 

The last element in the list is called a silicon-controlled 
rectifier (SCR). The three terminals are usually called the gate, the 
anode, and the cathode. For most practical purposes, the input- 
characteristic curves consist of a single v-i curve. Observe also that 
above a certain value of anode current, the output-characteristic 
curves reduce to an almost vertical line. 

What are three-terminal resistors good for? They are capable 
of doing whatever a two-terminal resistor can do, and a lot more 
that a two-terminal resistor cannot do. This follows from the ob- 
servation that any three-terminal resistor can be used as a two- 
terminal controlled resistor by connecting an independent voltage 
or current source across two terminals of the three-terminal 
resistor. For example, as we shall see later, the silicon-controlled 
rectifier and the thyratron are normally used in this manner. 
In some cases, we may simply short-circuit or open-circuit the two 
terminals. For example, if we short-circuit the plate and the 
cathode terminals of the vacuum triode, the resulting input- 
characteristic curve is simply the Vg@-Jg curve corresponding 
to Vp = 0. But this is just the v-i curve of the vacuum diode 
shown in Table 1-1. Similarly, we can obtain a first-quadrant v-i_ 
curve similar to that of the constant-current diode shown in 
Table 1-1 by short-circuiting the gate and source terminals of an 
n-channel FET. Hence, whereas a two-terminal resistor may be 
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considered as a special case of a controlled resistor, a controlled 
resistor may be considered as a special case of a three-terminal re- 
sistor. Because of their greater generality, three-terminal resistors 
are more versatile and flexible. Consequently, they are the most 
widely used in practice. 


Exercise 1: Show how to connect a transistor to obtain a two-terminal resistor 
with a v-i curve similar to that of a junction diode. Do this for the following 
cases: (a) n-p-n transistor type 2NXX15; (b) p-n-p transistor type 2NXX16; 
(c) n-p-n transistor type 2NXX17A; (d) n-p-n transistor type 2NXX17B; (e) p-n-p 
transistor type 2NXX18A; and (f) p-n-p transistor type 2NXX18B. 


Exercise 2: Find the current leaving the base B, of the unijunction transis- 
tor type 2NXX21 when a 20-volt battery is connected across terminals Bz and 
By, with terminal E left unconnected. 


Exercise 3: Find the voltage from the ‘‘drain’”’ to the ‘‘gate’’ and the current leav- 
ing the ‘‘source”’ of a p-channel FET type 2NXX20. Assume that a 5-volt battery 
is connected between the drain and the source (positive polarity), and assume 
that the gate is connected to the source. 


Exercise 4: A three-terminal element is said to be passive if the sum of the 
instantaneous powers p(t) ="vi1i1 + Voie is never negative. Otherwise, it is said 
to be active. (a) What restrictions must we impose on the locations of the charac- 
teristic curves in order for a three-terminal resistor to be passive? (b) Classify 
each of the resistors listed in Table 3-1 according to whether it is active or 
passive. 


3-3. THREE-TERMINAL CAPACITORS 


A three-terminal element was previously defined in Sec. 3-1 to be 
a three-terminal capacitor if it can be characterized by two sets 
of curves, or relationships, involving the variables v1, v2, qi, and 
gz. The same procedure for measuring three-terminal resistor 
characteristic curves is applicable here. However, instead of meas- 
uring the terminal currents ‘4 and iz, we measure their time 


integrals gi(t) = ify ix(t) dr and q2(t) = ifr - io(t) dr. This can be 


achieved with the integrator to be described in Sec. 3-6-2. 

Just as for three-terminal resistors, there are several possible 
forms of representation. Since the principles are identical, only 
one form will be discussed here, namely, 


gr = 41(01,02) (3227) 
g2 = G2(U1,V2) (3-28) 
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1 In analogy with the capac- 
itance of a two-terminal 
linear capacitor, the co- 
efficients Cy, and Coo are 
usually called se/f-capaci- 
tances, whereas the co- 
efficients Cyz and C2; are 
called mutual capacitances. 
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To find the currents i,(¢) and i2(7) corresponding to any voltage 
waveforms v;(t) and v(t), we apply the chain rule for differentia- 
tion to Eqs. (3-27) and (3-28); thus 


Mis Ogi doit) | Ogi dv2(t) 3-29 
US es a, dt | Ot, a ae 
dines i _ age doi(t) , 2q2 doo({) 3-30 
= Wir Ov at aE 02 at ( ) 


In the special case where Eqs. (3-27) and (3-28) are linear func- 
tions of v; and v2, namely, 


gi(vi,02) = C1101 + Crave (3-31) 
G2(U1,V2) = C21V1 + Co2v2 (3-32) 


the capacitor is said to be a linear capacitor, and Eqs. (3-29) and 
(3-30) simplify tot 


HG) = Ci a) + Cp (3-33) 
ig(t) = Coa —— ae + Cop PH (3-34) 


Although three-terminal capacitors are not yet commercially 
available, the possibility of their future availability cannot be dis- 
missed. As a matter of fact, the parasitic capacitances between the 
three terminals of any practical element can be considered as 
forming a three-terminal linear capacitor. Although undesirable, 
this parasitic capacitor must be included in the analysis if its 
associated coefficients C11, C12, C21, and C22 are significant. This 
situation usually occurs in the design of integrated circuits. 


Exercise 1: Devise a laboratory setup for measuring the characteristic curves of 
a three-terminal capacitor. 


Exercise 2: Discuss all possible forms for representing the characteristic curves 
of a three-terminal capacitor. 


3-4 THREE-TERMINAL INDUCTORS 


A three-terminal element is called a three-terminal inductor if it 
can be characterized by two sets of curves, or relationships, 
involving the variables i, i2, pi, and m2. The measurement proce- 
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dure is analogous to that of the three-terminal resistor. However, 
instead of measuring the voltages v; and vs, we measure their 


time integrals g1(t) = i v1(7) dr and g(t) = \e v2(T) dr. 


Among the various possible forms of representation, consider 
the following more common case: 


(3-35) 
(3-36) 


G1 = Pi(is,i2) 
G2 = Po(i1,/2) 


To find the voltages v,(¢) and v(t) corresponding to any current 
waveforms i;(¢) and i2(¢), we apply the chain rule, thereby obtaining 


dp, _ 0g dix(t) _ dq1 din(t) 
) = 2 = Se aes ech ir Sti Ls 
ese mniaiicdeiet cous kod Cay 
wine aApz _ Ope dist) , Op2 diol?) (3-38) 


pee Ci at Clg ~= at 


In the special case of a three-terminal linear inductor, Eqs. (3-35) 
and (3-36) reduce to1 


gi = Litt + Livie (3-39) 
go = Larly + Lovie (3-40) 
In this case, the inductor terminal voltages simplify to 
vs dix(t) di2(t) 
v(t) = Lis a + Li2 ee (3-41) 
as di(t) diz(t) : 
v2(t) = Ler , + Lee e (3-42) 


The most common example of a commercially available 
three-terminal inductor is that of a toroidal coil with a center tap, 
as shown in Fig. 3-7a. The corresponding sets of i-p curves 
are shown in Fig. 3-7b and c. 


Exercise 1: Devise a laboratory setup for measuring the characteristic curves of 
a three-terminal inductor. 

Exercise 2: Discuss all possible forms for representing the characteristic curves 
of a three-terminal inductor. 
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1 Jn analogy with the induct- 
ance of a_two-terminal 
linear inductor, the coeffi- 
cients Li; and Lo. are 
usually called self-induct- 
ances, whereas the coeffi- 
cients Liz and Lo; are 
called mutual inductances. 
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Fig. 3-7. A common three-ter- 
minal inductor characterized 
by two sets of parallel-spaced 


i-p curves. 3-5 MULTITERMINAL ELEMENTS 


Consider now an n-terminal black box with n > 3. Conceptually, 
the procedure for characterizing this black box is similar to the 
three-terminal case. For example, three distinct laboratory setups 
(Fig. 3-8) are necessary to completely characterize a four-terminal 
resistor. In each setup, the black box is converted into a two- 
terminal controlled resistor with two controlling variables. Since it 
is not possible to plot points in a four-dimensional space, it is 
Fig. 3-8. To characterize a necessary to fix the value of one controlling variable and measure 
four-terminal black box, three a set of v-i curves with the second controlling variable as a param- 
Ce A Cat eter. Therefore, many separate sets of curves are needed for each 
as many sets of measurements Of the three setups. More generally, n — 1 distinct laboratory 


as are necessary to include all setups are required to completely characterize an n-terminal re- 
desired combinations of pa- 


ee ea SISLOE. Each setup alone would involve as many sets of v-i curves 
ling variables. 


x \ f 
2\ \ Ph 
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as are necessary to include all desired combinations of parameter 
values of the controlling variables. It should be clear by now that 
it is in general impractical to completely characterize an n-terminal 
black box. However, we may partially characterize an n-terminal 
resistor by operating the resistor as a three-terminal controlled 
resistor. 


Exercise: Draw the laboratory setups necessary to completely characterize a 
five-terminal resistor. Explain how the measurements are to be taken. 


3-5-1 MULTITERMINAL RESISTORS OPERATING 
AS THREE-TERMINAL CONTROLLED RESISTORS 


Any n-terminal resistor can be converted into a three-terminal 
controlled resistor by connecting a voltage source or a current 
source from each of the remaining n-3 terminals to the common 
terminal. Once the terminal voltage of the voltage sources and the 
terminal currents of the current sources are fixed, the result- 
ing three-terminal black box is no different from an ordinary 
three-terminal resistor,1 and can therefore be characterized by the 
procedures described in Sec. 3-4. The only precaution that we 
must observe is that any circuit containing an n-terminal resistor 
(operating as a three-terminal controlled resistor) which is de- 
signed in accordance with a set of characteristic curves (usually 
furnished by the manufacturer) must be operated in practice with 
the same controlling voltages and currents for which these char- 
acteristic curves are measured. 

A commercially available four-terminal resistor which is 
usually operated as a three-terminal controlled resistor is the 
tetrode shown in Fig. 3-9a. The controlling terminal is called the 
screen grid and the remaining three terminals are called the con- 
trolled grid (no. 1), the plate, and the cathode, respectively. The 


Fig. 3-9. A tetrode, when oper- 
ating as a three-terminal re- 
sistor, can be characterized by 


two sets of characteristic 
curves by fixing the value of 
the screen grid voltage Vg,. 


11f the terminal voltage of 
a voltage source, or the 
terminal current of a cur- 
rent source, is set equal to 
zero, the corresponding 
terminal is simply short- 
circuited, or open-cir- 
cuited, with respect to the 
ground terminal. 
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characteristic curves corresponding to a typical screen grid voltage 
Vg, are shown in Fig. 3-9b and c. 

A commercially available five-terminal resistor which is usu- 
ally operated as a three-terminal controlled resistor is the pentode 
shown in Fig. 3-10a. The two controlling terminals are called the 
screen grid (no. 2) and suppressor grid (no. 3). The remaining 
three terminals are called the controlled grid (no. 1), the plate, and 
the cathode, respectively. The characteristic curves corresponding 
to a typical screen grid voltage Vg, and suppressor grid voltage 
Vg, are shown in Fig. 3-106 and c. 


3-5-2 MULTITERMINAL ELEMENTS 
WITH PRESCRIBED CONSTRAINTS 


There is a special, but very common, class of n-terminal black 
box which need not be operated as a three-terminal controlled re- 
sistor. This class of black box must possess certain prescribed 
constraints which allow a simple, yet complete, characterization to 
be possible. The prescribed constraints may take the following 
two common forms: (1) internal current and voltage constraints 
and (2) external port constraints. 


Internal current and voltage constraints This type of black box is 
usually characterized by the property that one (or more) terminal 
currents or voltages are constrained to be always (or to be exact, 
approximately) zero. In addition to this, the black box is usually 
constrained by some internal elements which behave like con- 
trolled sources, such that certain terminal voltages are independent 
Fig. 3-10. A pentode, when of their terminal currents. For example, a voltage-controlled volt- 
operating as a three-terminal ave so b idered fi inal bl : : 
resistor, can be characterized  48€ SOurce can be considered as a four-termin black box in which 
by two sets of characteristic the current entering the controlling terminal is constrained to be 
curves by fixing the values of zero, and the output voltage is constrained to be a function of the 


the screen grid voltage Vg, and : 
the suppressor grid voltage Vg,. controlling voltage only. 


3 - terminal 
é __ black box 
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A widely used four-terminal resistor with internal current 
and voltage constraints is the operational amplifier whose symbol 
is shown in Fig. 3-lla.! This resistor is characterized by the 
following three relationships: 


in= 0 
ig = 0 
and 
A(v2 — U4) if |ve — v1] << E 
Vea PAE if (Vg — 1) > E (3-43) 


—AE if (vo — v1) << —E 
It is important to observe that the third relationship is independent 
of the terminal current i,. Moreover, since it depends only on 
V21 = (v2 — v4), the voltage difference between terminals | and 2, 
it is more convenient to plot this relationship in terms of (v2 — 04), 
as shown in Fig. 3-11b. This is clearly simpler than the usual pro- 
cedure of plotting v, versus v1, with ve as a parameter, or vice 
versa. 

In most commercially available operational amplifiers, the 
value of A is at least 20,000, and the value of E is usually less 
than 0.5 mv. This means that the maximum magnitude of the out- 
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Fig. 3-11. An operational am- 
plifier is a multiterminal resis- 
tor with a simple relationship 
between the output voltage v, 
and the voltage v2; between 
terminals 1 and 2. 


1 When there is no ambigu- 
ity, it is a common prac- 
tice to delete the ground 
terminal from this symbol 
for simplicity. In any case, 
the terminal voltages vy, 
V2, and v, are always meas- 
ured with respect to the 
ground terminal. 
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i,=0 

2, 
i,=0 


Fig. 3-12. An operational am- 
plifier can be modeled by three 
controlled sources. 


1The parameters A and E 
are usually called the volt- 
age gain and the satura- 
tion voltage, respectively. 
The amplifier is said to be 
saturated whenever |v2 — 
v1| > E because the out- 
put voltage ceases to vary. 


The voltages v, , v2, and u, are 
measured with respect to ground 


put voltage of most transistorized operational amplifiers is less 
than 10 volts.! In the less expensive type of operational amplifiers, 
there is only one input terminal, as shown in Fig. 3-11c. In this 
case, v2 = 0, and the output voltage relationship reduces to that 
shown in Fig. 3-11d. 

An operational amplifier can be modeled by three controlled 
sources, as shown in Fig. 3-12. This is easily seen to be true 
because i, = ig = 0, ic = i} = 0, and ve = % — 0, = Vo = 04. In 
practice, the operational amplifier is constructed by an appropriate 
circuit (containing transistors, FET, etc.) which need not concern 
us now. As a matter of fact, with the advent of integrated-circuit 
technology, the internal elements which made up the operational 
amplifier have now been miniaturized so that as far as the user is 
concerned, he could hardly tell the difference between this element 
and a transistor. In other words, from a black-box point of view, 
the operational amplifier is just another multiterminal resistor. 

The phenomenal progress in integrated-circuit technology has 
opened up an entirely new era in nonlinear circuits. There are now 
many commercially available multiterminal black boxes which be- 
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long to the above category. Most of these elements are called 
logic elements because they are the building blocks of systems, such 
as digital computers, which perform logic operations. We shall 
briefly mention two common logic elements, the AND gate and 
the OR gate. 

The symbol of a four-terminal AND gate is shown in Fig. 
3-13a.1 This element is characterized by the relationships 


i) 0) 
Qo= 0 
and 


U1 whenever 0 < v1 < U2 
Up = 102 whenever 0 < U2 < U4 (3-44) 


0 otherwise 


The third relationship can be represented by the curves shown in 
Fig. 3-13b. Observe that at any time /, the output voltage is equal 
to the smaller of the two input voltages, provided v; and v2 are 
positive. Hence, if v; and v2 consist of stepwise positive waveforms 
as shown in Fig. 3-13c, then the output voltage v(t) will be 


Fig. 3-13. An AND gate is 
characterized by the property 
that the output voltage at any 
time ¢ is equal to the smaller 
of the input voltages at the 
same time. 


1 For simplicity, the ground 
terminal is not shown. In 
any case, the voltages are 
measured with respect to 
the ground terminal. 
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Fig. 3-14. An OR gate is char- 
acterized by the property that 
the output voltage at any time 
t is equal to the larger of the 
input voltages at the same time. 


positive only if both v; and v2 are positive. The conjunction AND 
is what gives the black box its name. An AND gate is, of course, 
not restricted to only four terminals. The synthesis of an n-terminal 
AND gate will be given in Chap. 10. 

The symbol of a four-terminal OR gate is shown in Fig. 3-14a. 
This element is characterized by the relationships 


Lia) 


Uy whenever v; > v2 > 0 
US =a Os whenever v2 > v1 > 0 (3-45) 


0) otherwise 


The third relationship can be represented by the curves shown in 
Fig. 3-146. Observe that at any time ¢, the output voltage is equal 
to the larger of the two input voltages, provided v, and v, are posi- 
tive. Hence, if v; and v2 consist of stepwise positive waveforms as 
shown in Fig. 3-14c, then the output voltage v,(¢) will be positive 
whenever vj or v2 is positive. The conjunction OR is what gives the 
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black box its name. An OR gate is, of course, not restricted 
to only four terminals. The synthesis of an n-terminal OR gate 
will be given in Chap. 10. 

We shall conclude this section with the interesting observation 
that when the characteristics of the AND gate (Fig. 3-13b) and 
the OR gate (Fig. 3-145) are plotted on the same plane, the entire 
first quadrant becomes filled up with a system of uniformly spaced 
horizontal lines, with the 45° line dividing the two sets of curves. 
Intuitively, this suggests their functions to be complementary to 
each other. 


External port constraints This type of black box is usually con- 
strained by external two-terminal networks so that the current 
entering one terminal is equal to the current leaving another 
terminal. For example, consider the six-terminal black box and the 
three two-terminal networks Nj, N2, and N3, as shown in Fig. 3-15a. 
It will be shown in the next chapter that so long as Ny, No, and 
N3 are isolated from each other (i.e., no terminals inside Ny, No, 
and N3 are connected to the external networks), then i, = —ip, 
ic = —ig, and ie = —i;. This is equivalent to saying that the cur- 
rents entering terminals a, c, and e are equal to the currents leaving 
terminals b, d, and f, respectively. Any pair of terminals which 
satisfies this property is called a port. Hence, the six-terminal 
black box of Fig. 3-15a is also a three-port black box, and may be 
redrawn into the more explicit form shown in Fig. 3-15). The 
significance of this interpretation is that instead of considering six 
current and six voltage variables, we need only three port-current 


6 - terminal 
black box 
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Fig. 3-15. A six-terminal black 
box can be constrained by 
three external two-terminal cir- 
cuits to obtain a three-port 
black box. 


An equivalent 
3 - port 


black box 
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Fig. 3-16. Two common n-port 
black boxes which satisfy the 
port constraint requirement 
automatically. 


+ 
+ 


ny no 


ra 
np 
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variables and three port-voltage variables. In general, an n-terminal 
black box can be operated as an (n/2)-port black box provided 
the current entering one terminal of each port is equal to the cur- 
rent leaving the other terminal of the same port. One simple 
method to satisfy this port constraint requirement is to connect an 
isolated two-terminal network across each port of the black box. 

There are certain black boxes for which the port constraint 
requirement is automatically satisfied. An example of a two-port 
black box with this property is the two-port ideal transformer 
shown in Fig. 3-16a. This element is a simple model of an iron- 
core transformer consisting of two separate windings. The physical 
separation in this case guarantees that any current entering one 
terminal of each winding must leave the other terminal. A two- 
port ideal transformer is characterized by the relationship 


(3-46) 


where n = nj/ne is a constant called the turns ratio. 

Another n-port black box which satisfies the port constraint 
requirement automatically is the three-port ideal transformer 
shown in Fig. 3-165. This element is a simple model of a multi- 
winding iron-core transformer. Again, the physical separation of 
the windings guarantees that the current entering one terminal of 
each port leaves the other terminal of the same port. This element 
is characterized by the relationship 


: ] , : 
iy = — —(Noi2g + Neils) 
ny 
n 
ve = — 04 (3-47) 
ny 
n 
ny 


Exercise 1: (a) Plot the output voltage characteristic curves v, versus v, of 
an operational amplifier with v, as the parameter. (b) Repeat (a) for the v,-vs.- 
vg Curves with v; as the parameter. 


Exercise 2: (a) Plot the characteristics of an AND gate in the v,-vs.-v2 plane, with 
v1 as the parameter. (b) Repeat (a) for an OR gate on the same plane. 


Exercise 3: A unity turns ratio two-port ideal transformer is usually called 
an isolation transformer. (a) Show how an isolation transformer can be used 
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U; (t), volts 
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uv, (t), volts 
| 


-10 


(b) 


to guarantee any pair of terminals to be a “‘port’’ without altering the character- 
istics of any black box connected to it. (b) Show that any n-terminal black box 
(assume zn is even) can be transformed into an (n/2)-port black box by using n/2 
isolation transformers. 


3-6 SOME PRACTICAL APPLICATIONS OF OPERATIONAL AMPLIFIERS 


In terms of practical applications, the operational amplifier is one 
of the most versatile black boxes ever conceived.t An examination 
of the relationship shown in Fig. 3-115 shows that an operational 
amplifier is a nonlinear element if the magnitude of the voltage 
between terminals 1 and 2 exceeds the saturation voltage E. 
Otherwise, the operational amplifier will be operating in the linear 
region with the relationship v, = A(v2 — v1). Accordingly, there 
are two basic modes of applications: (1) nonlinear mode and 
(2) linear mode. 


3-6-1 OPERATIONAL AMPLIFIER USED AS A NONLINEAR ELEMENT 


For this type of application, the input voltages are applied directly 
across terminals 1 and 2 such that |v, — v1| > E. Since the value 
of E for most practical operational amplifiers is less than 0.0005 
volt, the operational amplifier is most certainly operating in the 
nonlinear saturation region for all input voltages greater than 
several millivolts. In this case, the value of E can be assumed to 
be zero for most practical purposes. 

The simplest application of the operational amplifier operat- 
ing in the nonlinear mode is that of converting a sine wave into 
an “almost” square wave. The simple circuit shown in Fig. 3-17a 
shows that (v2 — v1) = v2 — 0 = v((t). Hence, if v(t) = V sin wt 


Fig. 3-17. A simple sine-wave- 
to-square-wave converter. 


1 The operational amplifier 
was not used as exten- 
sively in the past as it is 
today, in spite of its ver- 
satility, because until the 
advent of integrated-cir- 
cuit technology, it was a 
relatively bulky and ex- 
pensive component. Both 
of these serious drawbacks 
have now been overcome, 
and the operational ampli- 
fier is fast becoming the 
workhorse of a large class 
of important linear and 
analog circuits, some of 
which will be discussed in 
this section. 


116 


(a) 


Fig. 3-18. A simple voltage 
comparator for producing a 
positive voltage whenever the 
input signal v(t) exceeds a 
threshold level of V volts. 
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v.(t) volts Threshold level 


volts, then v,(t) = AE volts whenever u,(t) > E, and v,(t) = —AE 
volts whenever u;(t) < E. In many practical operational ampli- 
fiers, the typical value of (AE) is 10 volts, and the output voltage 
corresponding to a 5-volt sine wave is therefore as shown in 
Fig. 3-17b. Since laboratory square-wave generators are usually 
much more expensive than sine-wave generators, the above simple 
circuit will convert any sine-wave generator into a “poor man’s 
square-wave generator.” If the frequency of the square wave 
is unimportant, one can simply apply the line voltage and obtain 
a 60-Hz square wave. 

Another simple application of the operational amplifier op- 
erating in the nonlinear mode is that of a voltage comparator, or 
threshold detector. In many automatic control systems it is neces- 
sary to compare the instantaneous voltage of an unknown input 
signal v,(¢) with a fixed reference voltage v,(t) = V volts. It is de- 
sired to design a circuit that will “react” in some prescribed 
manner as soon as v;(t) attains the reference voltage V. A simple 
circuit for achieving this function is shown in Fig. 3-18a. Since 
(v2 — 01) = v(t) — V, the output voltage v,(t) will be positive 
(assuming & = 0) whenever v,(‘) > V volts and negative whenever 
u(t) < V volts. A typical input signal v,(¢) and the corresponding 
output signal are shown in Fig. 3-18. Since the reference voltage 
V can be interpreted as a “threshold,” the circuit is also called a 
threshold detector. When v(t) is obtained from the output of 
a transducer, a threshold detector is often used to provide a warn- 
ing signal whenever the value of some physical controlling variable 
reaches a dangerous value. For example, in a nuclear reactor, a- 
pressure transducer connected with a threshold detector can be 
used to prevent a catastrophic explosion, which did occur in the 
past, by providing the operator with a warning signal as soon as 
the internal pressure builds up above some preset level. In prac- 
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tice, the operator is usually a mechanism which will turn off the 
reactor automatically whenever such a dangerous pressure thresh- 
old is exceeded. 


3-6-2 OPERATIONAL AMPLIFIER USED AS A LINEAR ELEMENT 


In order to operate in its linear region, the magnitude of the volt- 
age between terminals | and 2 of the operational amplifier must 
be less than the saturation voltage E, which is normally no larger 
than 0.0005 volt. Since the order of magnitude of input voltages 
used in applications involving operational amplifiers is usually 
much higher than 0.0005 volt, it is clear that in order to operate 
in the linear mode, the input voltages should not be applied 
directly to terminals | and 2. Instead, the operational amplifier is 
usually connected with a black box N; and a black box N, as 
shown in Fig. 3-19. The black box N; feeds the output voltage vu, 
back into the input terminals, and is usually called the feedback 
network. The black box N, “couples” the input signals into ter- 
minals 1 and 2 of the operational amplifier, and is usually called 
the coupling network. The effect introduced by these networks is 
that the voltage viz between terminals | and 2 is no longer an in- 
dependent voltage, which would be the case if the input voltages 
were applied directly across these terminals, but depends on the 
output voltage v, and the networks N; and N,. In fact, since vp = 


A(v2 — 01) = —Abdiz in the linear region, 
Oe ee G (3-48) 
A 


because for most practical operational amplifiers the value of A is 
at least 20,000, and the magnitude of v, is less than 10 volts. 
Equation (3-48) is an extremely useful relationship to remember 
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Fig. 3-19. In order to operate 
in the linear mode, the opera- 
tional amplifier is usually con- 
nected to a feedback network 
N; and a coupling network Nz. 
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Fig. 3-20. An operational am- 
plifier can be connected to 
function either (a) as a voltage- 
controlled voltage source with 
a positive controlling coeffi- 
cient or (b) as an isolation box. 


1The adjective virtual is 
used to caution against our 
making the common mis- 
take of connecting ter- 
minals 1 and 2 together 
with an actual short cir- 
cuit, in order to simplify 
analysis. This is illegal be- 
cause a current will flow 
down this short circuit, 
thereby altering the orig- 
inal relationship J, = I. 
Cn top of this, vig is not 
really zero; it is only ap- 
proximately zero when 
compared with the other 
terminal voltages. Observe 
also that vig = 0 would 
have rendered the cir- 
cuit useless because vy, = 
— Avy2 would then be zero. 
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Isolation 
box 


(a) (c) 


because it greatly simplifies the analysis of circuits containing 
operational amplifiers. Since a zero voltage is analogous to a 
short circuit, Eq. (3-48) is usually expressed as follows:1 


PRINCIPLE OF VIRTUAL SHORT CIRCUIT 


If the operational amplifier is connected to a feedback network 
N; and a coupling network N, such that the input voltages are not 
applied directly across terminals | and 2, then the voltage vj2 can 
be set equal to zero for purposes of analysis. 


The above principle will now be used to analyze the following 
practical circuits. 


Voltage-controlled voltage source with positive controlling coefficients 


Consider the circuit shown in Fig. 3-20a. Applying Kirchhoff cur- 
rent and voltage laws, we obtain 


KCL at terminal 1 


Los; (3-49) 
KVL at loop around terminals 4-1-5-3-4 
Ril Rly eee (3-50) 


KVL at loop around terminals 1-5-3-2-1 


RI, or) Os 0 (3-51) 
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Substituting Eq. (3-49) for J;in Eq. (3-50) and v1. = Oin Eq. (3-51), 
we obtain 


Uo = (Rp + Role (3-52) 
Uy = Role (3-53) 
Dividing Eq. (3-52) by Eq. (3-53), we obtain 

R; a5 R. 
Vo = (AG As) Vj (3-54) 


Since the input current i; = iz = 0, the resulting network is simply 
a voltage-controlled voltage source with a positive controlling co- 
efficient k given by 


= Ry + Re 


k 
Re 


(3-55) 


Observe that in the special case where R; = 0 (short circuit) and 
R. = o (open circuit), the circuit reduces to that shown in Fig. 
3-20b, and Eq. (3-55) reduces to k = 1. This circuit is now 
described by 


calons (3-56) 
y= 0 

and is called an isolation box because it serves no purpose other 
than to isolate the external circuit connected across the out- 
put terminals from (drawing any current) the circuit connected 
across the input terminals. We shall denote an isolation box by 
the symbol shown in Fig. 3-20c.1 


Voltage-controlled voltage source with negative controlling coefficients 
Consider the circuit shown in Fig. 3-21a. Applying Kirchhoff cur- 
rent and voltage laws, we obtain 


KCL at terminal 1 


I, = Ly (3-57) 
KVL at loop around terminals 4-1-2-5-3-4 
Ry + Vig — Up = 0 (3-58) 
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1Jn practice, an isolation 
box is sometimes called 
an emitter follower or a 
cathode follower, depend- 
ing on whether the input 
terminal is connected with 
the emitter of a transistor 
or the cathode of a vacuum 
tube. This terminology 
comes from the interpre- 
tation that the output volt- 
age “follows” the input 
voltage (vo = vj) in a prac- 
tical isolation box. 
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Fig. 3-21. An operational am- 
plifier can be connected to 
function either as (a) a voltage- 
controlled voltage source with 
a negative controlling coeffi- 
cient or (b) as a phase inverter. 
The general symbol of a scal- 
ing circuit is shown in (c). 


Foundations of nonlinear network theory 


KVL at loop around terminals 1-6-3-5-2-1 


Rilo tp Sui = 0 (3-59) 


Substituting Eq. (3-57) into Eq. (3-58) and assuming 012 = 0, we 
obtain, upon dividing Eq. (3-58) by Eq. (3-59), 


Ui; (3-60) 


(3-61) 


is not zero. However, if we choose the value of R, to be very large 
(say 1 MQ), then i; = 0 for most practical purposes, and the cir- 
cuit becomes a voltage-controlled voltage source with a negative 
controlling coefficient k given by 


(3-62) 


In the special case where R; = R, > 1 MQ, the circuit reduces to 
that shown in Fig. 3-21b. This circuit is usually called a phase in- 
verter because the output voltage u,(t) corresponding to an input 
sinusoidal voltage is the same sinusoidal waveform inverted about 
the time axis; i.e., the phase is changed by 180°. Hence, between 


(b) 


(c) 
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Phase inverter 


(a) 


the two circuits shown in Figs. 3-20a and 3-21a, we can multiply 
or divide an input voltage u,(t) by either a positive or a negative 
constant. We shall refer to these two general circuits as a scaling 
circuit and shall denote it by the symbol shown in Fig. 3-21c.1 The 
constant k inside this symbol is the scaling constant. 


Differentiator If we replace the resistor R, in Fig. 3-21a with a lin- 
ear capacitor with capacitance equal to C farads, as shown in 
Fig. 3-22a, then applying the same procedure as before, we obtain 


ERT. (3-63) 
and 
Tee “ © I(x) dr (3-64) 


If we differentiate both sides of Eq. (3-64) with respect to time, we 
obtain 


C Bitte I(t) (3-65) 
Dividing Eq. (3-63) by Eq. (3-65), we obtain 
v(t) = —R/C ay (3-66) 


dt 


(b) 
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Fig. 3-22. (a) An operational 
amplifier can be connected to 
convert an input voltage wave- 
form into an output voltage 
waveform proportional to its 
time derivative. (b) If a phase 
inverter is connected across the 
input terminals, the result is 
called a differentiator. The 
symbol of a differentiator is 
shown in (c). 


1Jn this symbol, and in 
several others in the fol- 
lowing pages, the ground 
terminal is omitted for 
convenience. In all cases, 
the voltages are measured 
with respect to a common 
ground. 
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Equation (3-66) shows that the output voltage is proportional to 
the time derivative of the input voltage. Since the input current j; 
is generally not zero, and since the constant of proportionality is 
negative, it is often desirable to connect the phase inverter circuit 
of Fig. 3-21b across the input terminal of this circuit, as shown in 
Fig. 3-22b. The resulting black box is called a differentiator 
because 


dv;(t) 


v(t) = kK (3-67) 
and 
i(t) = 0 cee 


The constant k = R;C can be set equal to any desired value, in- 
cluding unity, by an appropriate choice of values for R; and 
C. The usual symbol of a differentiator is shown in Fig. 3-22c. In 
applications where the sign of k is immaterial, we can save one 
operational amplifier by choosing a very large resistance for Rj. 
In this case, the current J;, and hence J,, can be made arbitrarily 
small so as to satisfy the condition given by Eq. (3-68). 


Integrator If we replace the resistor R; in Fig. 3-2la with a linear 
capacitor with capacitance equal to C farads, as shown in Fig. 
3-23a, then applying the same procedure as before, we obtain 


w= [' In(nar (3-69) 
a —R-l; (3-70) 


Solving for J; in Eq. (3-70) and substituting the result in Eq. (3-69), 
we obtain 


l t 
Uo(T) = R.C ee) dt (3-71) 


Equation (3-71) shows that the output voltage is proportional to 
the time integral of the input voltage. Since the input current i; is 
generally not zero, and since the constant of proportionality is 
negative, it is often desirable to connect a phase inverter across 
the input terminals of the circuit as shown in Fig. 3-23b. The re- 
sulting black box is called an integrator because 
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v(t) = k fe < vj(t) dr (3-72) 
and 
6 (3-73) 


The constant k = R.C can be set equal to any desired value, in- 
cluding unity, by an appropriate choice of values for R, and 
C. Observe that the lower limit of integration in Eq. (3-72) must 
be set equal to — co because u,(f) may not be zero for t < 0. In 
practice, it is common to connect a switch S across the capacitor 
as shown in Fig. 3-23b. When the integration is desired for 
all times t > fo, the switch, which is normally closed, is opened at 
t = to, and Eq. (3-72) reduces to 


v(t) =k { ’ v,(7) dr (3-74) 


The usual symbol of an integrator is shown in Fig. 3-23c. Observe 
that in applications where the sign of k is unimportant, we 
can save one operational amplifier by choosing a high resistance 
value for Ro (see Appendix C for a practical integrator circuit). 


Summing circuit Consider next the circuit shown in Fig. 3-24a, 
where the coupling network N, consists of a number of resistors 
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Fig. 3-23. (a) An operational 
amplifier can be connected to 
convert an input voltage wave- 
form into an output voltage 
waveform proportional to its 
time integral. (b) If a phase in- 
verter is connected across the 
input terminals, the result is 
called an integrator. The sym- 
bol of an integrator is shown 


in (c). 
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Fig. 3-24. (a) An operational 
amplifier can be connected to 
give an output voltage which 
is a linear combination of the 
input voltages; (b) if a phase 
inverter is connected across 
the output terminals, the re- 
sult is called a summing circuit. 
The symbol of a summing cir- 
cuit is shown in (c). 


Foundations of nonlinear network theory 


Phase inverter 


Ri, Re, .. . , Rm. Since viz = 0, the voltage across each resistor R; 
is equal to uv;,;. Therefore, applying the Kirchhoff current law at 
the junction point of these resistors, we obtain 


(be E Vie Sole ri | = 
Ri ae ie te se R,, (3-75) 


The output voltage is given as before by 
Up = Rl; = Re (3-76) 


Substituting Eq. (3-75) into Eq. (3-76), we obtain 


Ry Ry Ry 
Ones | at hp eee elope ane | aga) 
Ry i Ro me Ry, - G ) 


Hence, apart from the negative sign, the output voltage is a 
“weighted” sum of the input voltages, with R,/R; as the weighting 
factor for each input voltage v;,. There are practical applications 
where this weighting feature is desirable. Observe that since 
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cies Ui; 
feet) (3-78) 


it is desirable to choose a high resistance value for R; in order that 
i, = 0. In practice, it is usually desirable to get rid of the negative 
sign in Eq. (3-77) as well as to have a pure summing operation. 
This can be achieved by choosing the same resistance values for 
all resistors (at least 1 MQ to ensure i;, ~ 0) and by connecting a 
phase inverter across the output terminals as shown in Fig. 3-24b. 
In this case, it is easy to see that 


Uo = Uy + Vo +--+ + Um (3-79) 
and 
EE Cy eee (7) (3-80) 


This circuit is called a summing circuit and is usually denoted by 
the symbol shown in Fig. 3-24c. 

The various circuits shown in Figs. (3-20) to (3-24) are gen- 
erally referred to as analog circuits because they can be used to 
simulate physical systems described by analogous mathematical 
equations. It is easy to see that the basic mathematical operations 
which can be simulated are (1) multiplication and division of 
a variable by a positive or a negative constant, (2) differentiation 
and integration of a variable with respect to time, and (3) addition 
and subtraction of two or more variables which are functions of 
time. 

In order to illustrate the concept of simulation, consider the 
familiar spring-mass system and its driving force f(t) as shown in 
Fig. 3-25. If we assume a spring constant equal to k and a friction 
force proportional to the velocity (with coefficient of friction equal 
to y), then from freshman physics we know that the equation of 
motion of this system is given by 


mx 4» 4 kx =f) (3-81) 
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Fig. 3-25. A typical spring- 
mass system under an external 
driving force f(t). 
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Our object is to investigate the resulting motion of this system 
corresponding to different values of m, p, and k. Equation (3-81) 
is an example of a linear differential equation, and may be solved 
by various mathematical techniques which need not concern us 
now. Suffice it to say that for the given triangular forcing wave- 
form f(t), the analytical methods for solving this equation are 
rather tedious. It would be impractical, therefore, to repeat 
the methods for many different values of m, u, and k. However, 
we can easily simulate this system if we represent x by the volt- 
age variable v and rewrite Eq. (3-81) into the following more 
convenient form: 


k 1 
a (3-82) 


To simulate this system, we start by applying a voltage equal to 
d*v(t)/dt? at the input (point a) of an integrator, thereby obtaining 
the voltage du(t)/dt at point b. If we connect point b to the input 
of another integrator, the output voltage at point c will be u(2). Let 
us next connect a scaling circuit with a negative scaling coefficient 
—k, = —p/mand —kz = —k/m at points b and c, respectively. 
The corresponding output voltages at points e and d will be 
—(u/m)|dv(t)/dt] and —(k/m)v(t), respectively. Applying these 
voltages and a voltage source with terminal voltage equal to 
(1/m) f(¢) to the input terminals of a summing circuit, we obtain 
at point f the output voltage 


y= - LO _ Fy 4 Trey (3-83) 


m_ at m 


Comparing Eq. (3-82) with Eq. (3-83), we observe that if we close 
the switch S, thereby making the voltage at point a equal to the 
voltage at point f, the resulting system would have exactly the 
same equations of motion as Eq. (3-82). Since this is an actual cir- 
cuit in operation, we can observe the voltage u(¢) with the help of 
an oscilloscope. The resulting waveform for v(t) is obviously the 
desired solution. It is now a simple matter to adjust the value of 
the coefficients ky and kz systematically, each time observing the 
resulting waveform. A photograph of each waveform can be taken 
for comparison later. 

The above example is a simple demonstration of how to 
analyze nonelectrical systems by simulation. The circuit arrange- 
ment shown in Fig. 3-26 is called an analog computer. Although 
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uw dov(t) k 


ae YP 


v(t) + + f(z) 


the commercial analog computer is a much more sophisticated ma- 
chine, its principle of operation is basically the same. Essentially, 
a commercial analog computer is simply a collection of many 
identical analog circuits similar to those described earlier. Using 
these readily available units, the user can simulate many physical 
systems much more complex than the example above. 

Finally, we want to point out that there are certain practical 
problems associated with circuits containing operational amplifiers 
which we did not mention previously. The most serious problems 
are the offset voltage, the drift, and the frequency limitation. In 
the ideal operational amplifier, the output voltage must be zero 
whenever the input voltage is zero. In practice, however, a small 
“offset voltage” is usually present, and some means must be taken 
to compensate for it. Another practical problem is that the char- 
acteristics of the operational amplifier tend to drift with tempera- 
ture, time, and power supply voltages. The third problem is that 
most practical operational amplifiers do not work properly at very 
high frequencies. Again, this departure from the ideal perform- 
ance is caused primarily by parasitic elements. 


Exercise 1: Consider the square-wave converter shown in Fig. 3-17. To show that 
the steepness of the square wave depends on both the amplitude and frequency 
of the input waveform, plot one period of u,(t) corresponding to a 60-Hz sine 
wave with the following amplitudes: (a) 10 mv, (6) 5 mv, and (c) 1 mv. Assume 
that E = 0.5 mv and A = 20,000. 


Exercise 2: The threshold detector circuit shown in Fig. 3-18a is used aboard a 
spacecraft to detect an abnormal rise in cabin temperature. If the temperature 


Fig. 3-26. An analog simula- 
tion of the spring-mass system 
of Fig. 3-25. 
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1A more detailed presenta- 
tion of these devices is 
given in L. O. Chua, The 
Rotator-A New Network 
Component, Proc. IEEE, 
vol. 55, no. 9, pp. 1566- 
1577, September, 1967; 
and L. O. Chua, Synthesis 
of New Nonlinear Net- 
work Elements, Proc. 
IEEE, vol. 56, no. 8, pp. 
1325-1340, August, 1968. 
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transducer output voltage during a certain test flight is given by u(t) = 
10 — 10e-' cos mt volts, plot the output voltage v,(t) corresponding to a preset 
threshold voltage V = 10.5 volts. Find the time intervals for which the cabin 
temperature exceeds the threshold temperature. 


Exercise 3: Consider the scaling circuits shown in Figs. 3-20 and 3-21. Let the 
largest available resistance be equal to 10 M®. (a) Find the maximum possible 
magnitude of the scaling coefficient k in each case. Assume that R. = 1 MQ. 
(b) Find the minimum input current i; flowing into a k = 1,000 and k = —100 
scaling circuit when u,(t) = 10 volts. 


Exercise 4: Why is it desirable to have approximately zero input currents for the 
analog circuits described above? How can an isolation box be used to achieve 
this objective? 


Exercise 5: An alternate method for realizing a differentiator or an integrator con- 
sists of replacing one of the two resistors in Fig. 3-2la by an inductor. Show how 
this can be done and derive the necessary equations to support your answer. 


Exercise 6: (a) Find the function performed by the circuit shown in Fig. 3-20a when 
R; is replaced by a linear capacitor. (6) Repeat (a) with R, replaced by a linear 
capacitor. 


Exercise 7: Draw an analog circuit for subtracting two voltage waveforms u,(¢) 
and vo(f). 


Exercise 8: Show that the two scaling circuits shown in Fig. 3-26 are superfluous 
if the summing circuit of Fig. 3-24a is used. Specify the corresponding weighting 
factors. 


Exercise 9: (a) Show that it is possible to generate a periodic triangular waveform 
of any frequency (within the operating frequency limits of the operational am- 
plifiers) by connecting the output of a sine-wave-to—square-wave converter across 
an integrator. (b) Find the relationship between the amplitude and frequency of 
the triangular output waveform and the sinusoidal input waveform. 


Exercise 10: Show that with the use of only one operational amplifier, two iden- 
tical resistors, and two identical capacitors, it is possible to design an integrator 
circuit whose output voltage is the time integral of the difference between two 
input voltage waveforms. 


3-7 SCALORS, ROTATORS, AND REFLECTORS: 
A CLASS OF USEFUL TWO-PORT RESISTORS! 


The functions performed by the operational amplifier circuits dis- 
cussed in the preceding section can be summarized in one state- - 
ment: They transform input voltage waveforms (functions of time) 
into some desired output voltage waveforms (functions of time). 
It is important to observe that the independent variable of 
the transformation is always the time ¢. Since the input currents 
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are assumed to be zero, the analog circuits can be arbitrarily con- 
nected in any desired manner without affecting the original func- 
tion performed by each circuit. 

There is another important class of networks which also per- 
forms certain transformations, but the independent variable is not 
time. This class of networks takes the form of a two-port black box, 
and is called a two-port resistor because each black box is charac- 
terized by two relationships in terms of the port variables v4, v2, 
i;, and ig. If we connect a nonlinear resistor across port 2 of 
a two-port resistor as shown in Fig. 3-27, the resulting two- 
terminal black box can be interpreted as a new nonlinear resistor 
because it will have a v,-i; curve different from the original 
v-i curve. In other words, the function performed by the two-port 
resistor is that of transforming a given v-i curve into a new v;-i1 
curve. In this sense, we can generate many new nonlinear resistors 
from those that are presently available commercially. Of course, 
an arbitrary transformation is not likely to do us much good. 
What we need is to discover a few basic transformations from 
which all others can be obtained. Amazingly, only three types of 
transformations are necessary, namely, a scaling transformation, 
a rotation transformation, and a reflection transformation. In the 
scaling transformation, the abscissa or the ordinate of each point 
on the v-i curve is multiplied by a positive constant k, as shown 
in Fig. 3-28a. In the rotation transformation, the original v-i curve 
is rotated through an angle @ with respect to the origin, as shown 
in Fig. 3-28. Finally, in the reflection transformation, the original 
v-i curve is reflected (the mirror image) with respect to some 
straight line through the origin, as shown in Fig. 3-28c. It is pos- 
sible to find three types of two-port resistors for implementing the 
above transformations. Accordingly, they are called scalors, ro- 
tators, and reflectors, respectively. 
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Original 
v-i Curve 


Fig. 3-27. The v-i curve of a 
given nonlinear resistor is 
transformed into a new v-i 
curve by connecting the resis- 
tor across one port of a two- 
port resistor. 
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Current-scaled 
curve 
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hi, 1 Ai), 2 


Rotated curve 


Reflected curve 


Original curve 


Angle of rotation 


Fig. 3-28. A v-i curve may be 
(a) scaled with respect to the 
v axis or the 7 axis; (b) rotated 
with respect to the origin; or 
(c) reflected with respect to a 
line of reflection. 


+ Throughout this section, 
the reference direction for 
iz and ig is assumed to 
enter the respective ports, 
as shown in Fig. 3-27. 


(6) 


3-7-1 SCALORS 


There are two types of scalors, voltage scalors and current scalors. 
As the name implies, a voltage scalor multiplies the voltage (ab- 
scissa) of each point on the v-i curve by a prescribed constant k,, 
while maintaining the same value of current at the same point. This 
requirement can be characterized by 


V1 = Kyve (3-84) 
and 
ly = —Io (3-85) 


The negative sign in Eq. (3-85) is necessary in order to have 
i; = i. We shall denote a voltage scalor by the symbol shown in 
Fig. 3-29a. Equations (3-84) and (3-85) can be easily synthesized 
by various controlled-source configurations. The reader can easily 
verify that the circuit shown in Fig. 3-29b and c constitutes two 
simple realizations. 

By analogous reasoning, a current scalor multiplies the cur- 
rent (ordinate) of each point on the v-i curve by a prescribed con- 
stant k;, while maintaining the same value of voltage at the same 
point. This requirement can be characterized by 


Ul =05 (3-86) 
and 
iy = —Kiie (3-87) 
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(a) 


We shall denote a current scalor by the symbol shown in Fig. 
3-30a. It is easy to see that the circuit shown in Fig. 3-305 and c 
represents two simple realizations of a current scalor. 

The above basic controlled-source circuits can be synthesized 
in practice by various appropriate combinations of operational 
amplifiers or transistors. A practical circuit for each is given 
in Appendix C. For the sake of demonstration, the oscilloscope 
tracing of a typical v-i curve is shown in Fig. 3-3la. The cor- 
responding v,-i; curves obtained from a voltage scalor and a cur- 
rent scalor are shown in Fig. 3-315 and c, respectively. 

It is important to realize that a scalor is completely different 
from the scaling circuits described in Sec. 3-6. The independent 
variable for a scalor is either a voltage or a current, whereas the 
independent variable for a scaling circuit is time. Since two rela- 
tionships must be satisfied by a scalor, in comparison with only 
one in the scaling circuit, it is more difficult to realize a scalor in 
practice. 


3-7-2. ROTATORS 


From analytic geometry we know that the relationship required 
to rotate a point P with coordinates (v,i) into a point P’ with 
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Fig. 3-29. A voltage scalor can 
be synthesized by either one 
or two controlled sources. 


Fig. 3-30. Acurrent scalor can 
be synthesized by either one 
or two controlled sources. 


(a) 


ee 


oo 
a= 
i 


anne 
oe 
ati 


PA pt 


atte 
Horizontal scale: 
v= 2.5 volts per division 


Vertical scale: 
i=2 ma per division 


Fig. 3-31. (a) Actual oscillo- 
scope picture of a typical v-i 
curve, the curve being trans- 
formed (b) by a voltage scalor 
into a voltage-scaled v-i curve 
and (c) by a current scalor into 
a current-scaled v-i curve. 


1A negative 0, therefore, 
corresponds to a clock- 
wise angle of rotation. 
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coordinates (v1,i1) by 8° (in the counterclockwise direction) 1s 
given by 


v1 = (cos Av — (sin 8)i 
i, = (sin 6)v + (cos @)i 


Recasting these equations in terms of port current and voltage 
variables, we obtain 


V1 = (cos Ave + (sin A)i2 
1, = (sin O)v2 _ (cos OA)i2 


These equations assume that the v-i curve is drawn in the volt- 
ampere plane. In order to allow an arbitrary current scale, we 
multiply i, and i, in these equations by a scale factor R, thereby 
obtaining 


= (cos O)v2 + (sin 0)(Riz) (3-88) 


i, = (sin 8) = — (cos B)iz (3-89) 


Hence a rotator is completely characterized by Eqs. (3-88) 
and (3-89), where 6 is the desired counterclockwise angle of rota- 
tion and R is a scale factor.! In the volt-milliampere plane, 
R = 10°. We shall denote a rotator by the symbol shown in Fig. 
3-32a. Equations (3-88) and (3-89) can be synthesized either by a 
a-network configuration of linear resistors as shown in Fig. 3-32b 
or by a T-network configuration as shown in Fig. 3-32c. In order 
to verify these realizations, we need only to derive v; and i; 
in terms of ve and ig for each network and show that they agree 
with Eqs. (3-88) and (3-89). For example, consider the 7-network 
realization with conductances Gj, Go, and G3. By inspection, 
iq = G14, iy = Ga(v1 — v2), and ip = Gove. Applying Kirchhoff 
current laws to each of the two junction points, we obtain 


O\.4 l 
iy = Gyv1 + G3(v1 — v2) = (tan 5) R2 + (—csc A) 1 — U2) 


(3-90) 


lI 


ON 1 
ig = Gov2 — G3(v1 — v2) = (tan =) Re (—csc 6) RM — U2) 


(3-91) 
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With the help of the trigonometric identity 
0 
tan = (csc 8 — cot 8) 
Equations (3-90) and (3-91) can be simplified to 
: l l 
ii = —(cot 0) R” + (csc 6) R” (3-92) 
ig = (csc 8) f v1 — (cot 4) é Ve (3-93) 


Solving Eq. (3-93) for v1, we obtain Eq. (3-88). Substituting this 
expression for v; in Eq. (3-92), we obtain Eq. (3-89). This proves 
that the 7 network of Fig. 3-32a is indeed a realization for a 
rotator. The T-network realization in Fig. 3-32c can be verified by 
a similar procedure. 

Observe that, depending upon the values of 0, either one or 
two of the three linear resistors in both realizations may assume 
negative values. However, only one negative resistor is necessary 
to realize a rotator with any angle of rotation, provided we choose 
the 7 network whenever 0° < 8 < 180°, and the T network when- 
ever 180° < 8 < 360°. The negative resistor can be realized (over 
a limited range of voltages) in practice by various practical cir- 
cuits. A typical rotator realization using transistors is given in 
Appendix C. For demonstration purposes, an actual oscilloscope 
tracing of a typical v-i curve is shown in Fig. 3-33, together with 
various rotated v4-i, curves. 


Symbol of a rotator 


i 
G, = G, = (tan ) R mhos 


1 
G, = —(csc 0) R mhos 


(a) (b) 
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Fig. 3-32. The rotator, whose 
symbol is shown in (a), can be 
realized in practice by (b) az 
network or (c) a T network of 
linear resistors. 


R, =R,= (tan $)RQ 


R,=(csc 0)RQ 
(c) 
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Original v-i curve v-i Curve rotated by 90° 


TEBE eee 


v-i Curve rotated by 30° v-i Curve rotated by —45° 


Fig. 3-33. Actual oscilloscope 
tracings of a typical v-i curve 
and the transformed v,-i1 
curves corresponding to vari- 


ous angles of rotation. SOS Oe ee ee 


u-t Curve rotated by 60° v-t Curve rotated by mehr 


3-7-3 REFLECTORS 


By a geometrical procedure similar to that used in deriving 
the rotator characteristics, we found that a reflector must be 
characterized by 


= (cos 20)v2 — (sin 20)(Ri2) (-94) 


i, = (sin 26) a + (cos 26)(i2) (3:95) 


The parameter 8 is the angle which the line of reflection (through 
the origin) makes with the horizontal axis. The constant R is 


Multiterminal elements 


a scale factor having exactly the same significance as for the 
rotator. For example, if a v-i curve is to be reflected in the volt- 
milliampere plane, then R = 103. We shall denote a reflector by 
the symbol shown in Fig. 3-34a. By a procedure similar to that used 
for the rotator, it can be easily shown that a reflector can be 
realized by the circuits shown in Fig. 3-345 and c. Observe that the 
controlled source in Fig. 3-345 is controlled by the current i, in 
resistor R;, whereas the controlled source in Fig. 3-34c is con- 
trolled by the current / in resistor R3. Observe also that only one 
negative resistor is needed if we pick the circuit in Fig. 3-345 for 
0° <6 < 90° and the circuit in Fig. 3-34c for 90° << @< 180°. A 
practical reflector circuit using transistors is given in Appendix C. 
For demonstration purposes, several oscilloscope tracings on the 
reflection of v-i curves are shown in Fig. 3-35. The bottom trace 
is that of an n-p-n transistor with its collector and emitter terminals 
connected across port 2 of a 45° reflector. Each curve in these 
tracings corresponds to a particular value of base current. It is in- 
teresting to observe that this “reflected” transistor can be con- 
sidered as a new three-terminal element. For this particular 
example, the almost vertical v;-i; curves can be used to simulate a 
current-controlled voltage source operating in the first quadrant. 

There are several angles of reflection which are of special 
practical importance, and the corresponding reflector has been 
given special names as follows: 


Gyrator When 6 = 45°, Eqs. (3-94) and (3-95) can be recast into 
the form 


ee (3-96) 
Io = — Gu, 


Symbol of a reflector 


(a) R,=(cot@)RQ 
R,=(tan @) RQ 
R3z=—(csc 26) RQ 
k=2 (csc 20) R 
(0) 


135 


Fig. 3-34. A reflector can be 
realized in practice by a con- 
trolled source and three linear 
resistors. 


R,=(cot 0) RQ 

R,=—(cot 0) RQ 

R,=—(csc 20) RQ 

k=2 (csc 20) R 
(c) 
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Fig. 3-35. Oscilloscope trac- 
ings of typical v-i curves and 
their reflected vy-i, curves. 


Original v-i curve 


Original v-7 curve 


Original family 
of v-i curves 
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u-i curve reflected 
about the 45° line 


Pe 
(2aae aden 
Pee 
ieee ceeee 
ee 


acco eneee 


u-t curve reflected 
about the 120° line 


Family of v-i curves 
reflected about the 45° line 


where G = 1/R. The resulting two-port resistor is called a gyrator. 
The scale factor G in this case is usually called the gyration con- 
ductance. Observe that a gyrator has the effect of reflecting any v-i 
curve about the 45° line through the origin. Hence, a voltage- 
controlled nonlinear resistor becomes a current-controlled resistor 
and vice versa. The usual symbol for a gyrator is shown in . 


Fig, 3-36a. 


Voltage-inversion negative-impedance converter (VNIC) When @ = 90°, 


Eqs. (3-94) and (3-95) become 
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07 = —Vs 
(3-97) 


ly = —Ip 


The resulting two-port resistor is called a voltage-inversion negative- 
impedance converter, or simply a VNIC. A VNIC has the effect of 
reflecting a v-i curve about the vertical axis. Hence, if a linear re- 
sistor with positive resistance R is connected across port 2 of a 
VNIC, the new v,-i; curve becomes a linear resistor with a nega- 
tive resistance —R. This is one simple method for obtaining a 
negative resistance in practice. We shall denote a VNIC by 
the symbol shown in Fig. 3-36b. 


Current-inversion negative-impedance converter (INIC) When @= 180°, 
Egs. (3-94) and (3-95) become 


Of. 0) 
saree (3-98) 


II 


1 = le 
The resulting two-port resistor is called a current-inversion negative- 
impedance converter, or simply an INIC. An INIC has the effect of 
reflecting a v-i curve about the horizontal axis. Hence, it has the 
same capability as the VNIC for transforming a positive resistance 
R into a negative resistance — R. We shall denote an INIC by the 
symbol shown in Fig. 3-36c.1 

In addition to making available a much larger class of non- 
linear resistors, the scalor, rotator, and reflector play a much more 
fundamental role. They are building blocks for synthesizing non- 
linear resistors with almost any prescribed v-i curve. This property 
will be explored in detail in Chap. 8. 

The interested reader may find it instructive to build a scalor, 
a rotator, and a reflector from the circuits given in Appendix C. 
He will observe, among other things, that these circuits may under 
certain conditions become unstable; 1.e., the circuit may burst into 
unwanted oscillations. The concept of stability will be discussed 
in Chap. 14. It will be shown there that the oscillation comes from 
the parasitic elements which are invariably present. Although 
there are means to stop the oscillation, if it occurs, they are be- 
yond the scope of this book. 


Exercise 1: (a) Find the equations describing a two-port resistor obtained by con- 
necting a voltage scalor in cascade with a current scalor. (b) Discuss the geomet- 
rical interpretation achieved by this new transformation. (c) Can you suggest 
some practical applications? 
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(c) 


Fig. 3-36. The symbols for a 
gyrator, a VNIC, and an INIC. 


1There are simple circuits 
using transistors for real- 
izing a VNIC or an INIC. 
A typical circuit for each 
is given in Appendix C. 
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Exercise 2: A @ = 90° rotator is also known as a negative-impedance inverter. 
(a) If a linear resistor with a positive resistance R is connected across this 
rotator, find the property of the new resistor. (b) Show that when two @ = 90° 
rotators are connected in cascade, the result is an ideal transformer with 
iS il, 


Exercise 3: Verify that the T network shown in Fig. 3-32c realizes a @° rotator. 


Exercise 4: Show that when a 63 rotator is connected in cascade with a 43 
rotator, the result is a (0; + @2)° rotator. Does the order of the interconnection 
matter in this case? 


Exercise 5: Verify that each of the circuits shown in Fig. 3-34 realizes a 0° 
reflector. 


Exercise 6: Show that a 6§ reflector in cascade with a 95 reflector produces a 0° 
rotator. Find @ in terms of 6; and @). Does the order of the interconnection mat- 
ter in this case? 


Exercise 7: Show that a 67 rotator in cascade with a 05 reflector produces a @° 
reflector. Find @ in terms of 6; and 65. Does the order of the interconnec- 
tion matter in this case? 


Exercise 8: Find the property exhibited by a @ = 135° reflector. Compare this 
property with that of a gyrator. 


3-8 MUTATOR: THE CHAMELEON BLACK BOX 


The two-port resistors discussed in the preceding section share the 
common property that each transforms a nonlinear resistor into 
another nonlinear resistor. If we liken the three basic network ele- 
ments, resistors, capacitors, and inductors, to three distinct species 
in the genetic sense, then the scalor, rotator, and reflector can be 
said to transform elements belonging to the same species. They 
stay within the same race, so to speak. 

We shall demonstrate shortly that it is possible to produce a 
mutation from one species into another with the help of a two-port 
black box called the mutator. For example, it is possible to con- 
nect a resistor across port 2 of a mutator and produce an inductor 
across port 1. Conversely, if an inductor is connected across port 
1 of the same mutator, a resistor is produced across port 2. For 
this reason, this class of mutators is called R-L mutators. The two 
other classes are the R-C mutators and the C-L mutators. An R-C 
mutator transforms a resistor into a capacitor, and vice versa. 
Similarly, a C-L mutator transforms a capacitor into an inductor, 
and vice versa. 


3-8-1 R-L MUTATORS 


In order to transform a resistor into an inductor, it is necessary 
that the coordinates (v,7) of each point on a v-i curve be transformed 
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into a corresponding point with coordinates (¢,i) or (i,¢), respec- 
tively. Assuming the resistor to be connected across port 2, we can 
define two types of R-L mutators: 


Type 1 R-L mutator In this case, we require gy; = v and i, = i. But 
V = Ve, i = —i2, and vy = dq;/dt; therefore, the required relation- 
ship for a type 1 R-L mutator is 


U an 
1= 

dt (3-99) 
iy = —Ie 


The symbol for a type 1 R-L mutator is shown in Fig. 3-37a, and 
a simple realization using controlled sources is shown in Fig. 3-37b. 


Type 2 R-L mutator In this case, we require gi = / and i; = v. Sub- 
stituting the relationship ig = —i, v2 = v, we obtain for a type 2 
R-L mutator the relationship: 


Og = — 


ae (3-100) 


big== U2 


The symbol for a type 2 R-L mutator is shown in Fig. 3-37c, and 
a simple realization using controlled sources is shown in Fig. 3-37d. 
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Fig. 3-37. Two types of R-L 
mutators and a_controlled- 
source realization for each. 
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Fig. 3-38. A type 1 R-L muta- 
tor is used (a) to transforma 
nonlinear resistor into a non- 
linear inductor having the same 
characteristic curve but differ- 
ent terminal variables and (b) 
to transform a nonlinear induc- 
tor into a nonlinear resistor 
having an identical hysteresis 
curve. 


1We have departed from 
our usual practice by plot- 
ting the v-i curve with 
voltage as the vertical axis 
in order to emphasize that 
the same curve is being 
transformed. 
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Both types of R-L mutators can be realized by circuits using 
transistors and operational amplifiers. A typical circuit for a type 
1 R-L mutator is given in Appendix C. To demonstrate the prop- 
erty of an R-L mutator, two oscilloscope tracings are shown in 
Fig. 3-38a. The one on the right represents the v-i curve (with volt- 
age v as the vertical axis) of a typical nonlinear resistor connected 
across port 2 of a type 1 R-L mutator. The resulting i-p curve 
measured across port | is shown on the left (with the flux linkage 
y as the vertical axis). To demonstrate that the mutator works in 
both directions, a typical iron-core inductor is connected across 
port | of the same mutator as shown in Fig. 3-385. The oscilloscope 
tracing on the left shows the hysteresis i-p curve (with » as 
the vertical axis) of the inductor. The “almost” identical curve 
shown on the right is the ve-i2 curve (with the voltage v as 
the vertical axis) measured across port 2 of the mutator.1 


3-8-2. R-C MUTATORS 


To transform a resistor into a capacitor, we may either transform 
each point on the v-i curve into a corresponding point on the v-q 
curve, or we may transform each point on the v-i curve into 


oS eee eae 
Cee 
Pd 

Le 
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(c) (d) 


a corresponding point on the g-v curve. Accordingly, we can 
define two types of R-C mutators (assuming that the resistor 
is connected across port 2): 


Type 1 R-C mutator In this case, we require v; = v and gq; =i. 


Since vg = v and iz = —i,a type | R-C mutator is characterized by 

Ut — Uz 

ee os dig (3-101) 
cas jill 


The symbol for a type 1 R-C mutator is shown in Fig. 3-39a, and 
a simple realization using controlled sources is shown in Fig. 3-39b.1 


Type 2 R-C mutator In this case, we require v; =i and gi =v. 
Hence, a type 2 R-C mutator is characterized by 


Oii— —Io 
Adin (3-102) 
shaaoitdt 


The symbol for a type 2 R-C mutator is shown in Fig. 3-39c, and 
a simple realization using controlled sources is shown in Fig. 3-39d. 
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Fig. 3-39. Two types of R-C 
mutators and a_ controlled- 
source realization for each. 


1A type 1 R-C mutator cir- 
cuit using transistors and 
operational amplifiers is 
given in Appendix C. 
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3-8-3. C-L MUTATORS 


To transform a capacitor into an inductor, we may either trans- 
form each point on the v-q curve into a corresponding point on 
the i-p curve, or we may transform each point on the v-q curve into 
a corresponding point on the -i curve. Accordingly, we have also 
two types of C-L mutators: 


Type 1 C-L mutator In this case, we require i; = v and q; = 4. 


Since ve = vand iz = —i,a type | C-L mutator is characterized by 
ie (3-103) 
(5) Soe 


The symbol for a type 1 C-Z mutator is shown in Fig. 3-40a, and 
a simple realization using controlled sources is shown in Fig. 3-40d. 
Comparing Eq. (3-103) with Eq. (3-96), we observe that a type 1 
C-L mutator is identical with a gyrator with a unity gyration 
conductance. 


Type 2 C-L mutator In this case, we require q1 = v and jy = q. 
Hence, a type 2 C-L mutator is characterized by 


_ toy 
"ied 

(3-104) 
y= — ie ig(t) dr 


The symbol for a type 2 C-L mutator is shown in Fig. 3-40c, and 
a simple realization using controlled sources is shown in Fig. 3-40d. 

The significance of mutators is that they make it possible to 
synthesize a nonlinear inductor with a prescribed i-m curve or a 
nonlinear capacitor with a prescribed v-q curve, provided we know 
how to synthesize a nonlinear resistor having an identical v-i 
curve. In other words, the problem of realizing a nonlinear induc- 
tor or a nonlinear capacitor reduces to that of realizing a nonlinear 
resistor, a subject to be considered in detail in Chap. 8. 

Another area where a mutator could be useful is that of 
integrated circuits, where the present-day inductors are incompati- 
ble because of their prohibitive size. It is possible to simulate 
a linear inductor by connecting a linear resistor across port 2 
of an R-L mutator or by connecting a linear capacitor across port 
2 of a C-L mutator, also known as a gyrator. The above approach 
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ig 
11 i2 + 
+ + 
OF Up iy Us 
(a) (b) 
io 
iy lo + 
1 2 di, 
"1 a dt v2 
(c) (d) 


is still in the research stage because of two basic practical problems. 
First, due to the presence of parasitic elements, the mutators can 
not yet be operated economically at very high frequencies. Secondly, 
just as for scalors, rotators, and reflectors, a mutator, and for that 
matter, any circuit using transistors and operational amplifiers, 
may become unstable under certain conditions. 


Exercise 1: A type 1 R-L mutator can also be realized by a controlled voltage 


source with a terminal voltage equal to either (dv2/dt — v2) or Afe vy(7) dr — un). 
Find an appropriate circuit realization for each. ‘ 

Exercise 2: A type 2 R-L mutator can also be realized by two controlled current 
sources with terminal currents equal to ve and (pe vi(r) dr, respectively. Find 
an appropriate circuit realization. 

Exercise 3: A type 1 R-C mutator can also be realized by a controlled current 
source with a terminal current equal to either (i2 — di2/dt) or (i = i ix(7) dr), 
Find an appropriate circuit realization for each. 

Exercise 4: A type 2 R-C mutator can also be realized by two controlled voltage 
sources with terminal voltages equal to iz and {i a@ dr, respectively. Find an 


appropriate circuit realization. 


Exercise 5: Find another circuit realization for a type 1 C-L mutator using two 
voltage-controlled current sources. 
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Fig. 3-40. Two types of C-L 
mutators and a_ controlled- 
source realization for each. 
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Exercise 6: Find another circuit realization for a type 2 C-Z mutator using a con- 
trolled current source across port 1 and a controlled voltage source across 
port 2. 


3-9 SUMMARY 


Three basic classifications of multiterminal elements 


1. N-terminal resistor involving only terminal voltages v; and 
terminal currents 7,7 = I. 7 


2. N-terminal capacitor involving only terminal voltages v; and 
terminal.charges:¢,, j= 1,2, 2057 


3. N-terminal inductor involving only terminal currents i; and 
terminal flux linkages ;, j = 1,2,...,n 


A three-terminal resistor, capacitor, or inductor is characterized by 
two sets of curves measured with respect to an arbitrarily chosen 
ground terminal. 


Forms of representation The characteristic curves of a three-ter- 
minal resistor can be completely specified by at least six inde- 
pendent representations: 


Conductance representation Resistance-conductance 


: : representation 
y= i1(U1,02) P 


iz = I(V2,01) Vi = 03(i4,V2) 


: d lg = I2(V2,i 
Resistance representation 2(V2,/1) 


Voltage ratio-current ratio 


vy, = Ui(i4 ig) 3 
é representation 


V2 = Va(Z2,/1) 
Vy = U;(V2,i2) 


Conductance-resistance ‘ : 5: 
iy = 14(V2,/2) 


representation 
Current ratio-voltage ratio 


iy = 11(01,l2) 
k representation 


V2 = Voe(i2,01) 
Ve = V2(01,/1) 
ig = i2(U4,i1) 


The characteristic curves of a three-terminal resistor with 
respect to a given ground terminal can always be transformed into 
an equivalent set of curves with respect to another ground terminal. 

It is generally impractical to completely characterize a multi- 
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terminal element because a prohibitive number of measurements 
may be required. To overcome this difficulty, a multiterminal re- 
sistor is usually operated in one of the following ways: 


i 


As a three-terminal controlled resistor: all but three terminals 
are connected to independent voltage sources or independent 
current sources. 


. As an element with prescribed constraints 


a. Internal current and voltage constraints. Examples: opera- 
tional amplifier, AND gate, and OR gate. 

b. External port constraints: current entering one terminal of 
each port is constrained to leave the other terminal of the 
same port. A port may be created across any pair of ter- 
minals of a multiterminal black box by connecting the ter- 
minal pair across an isolated two-terminal black box or 
across a two-port ideal transformer. 


Practical applications of operational amplifiers 


ie 


An 


Nonlinear mode: square-wave converter, voltage comparator, 
or threshold detectors. 


. Linear mode: scaling circuit, isolation box, phase inverter, 


differentiator, integrator, and summing circuit. These functional 
circuits constitute the building blocks of analog computers. 


important class of two-port resistors 


. The scalor multiplies the abscissa or the ordinate of a v-i curve 


by a constant. 


a. Voltage scalor: b. Current scalor: 
U1 = Kye V1 = v2 
= —Io 14 = —Kji2 


The rotator rotates a v-i curve by a prescribed angle 6 with re- 
spect to the origin. 


Vy = (cos Ave + (sin 6)(Riz) 
i, = (sin 8)(v2/R) — (cos A)iz 


. The reflector reflects a v-i curve with respect to a straight line 


making an angle @ with the horizontal axis. 


v1 = (cos 24)v2 — (sin 26)(Riz) 
iy = (sin 26)(v2/R) + (cos 26)i2 
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Mutator, the chameleon black box 


1. The R-L mutator transforms a resistor into an inductor, and 


vice versa. 
Type 1. (@i) © (1,41) Type 2. (vi) © (i1,91) 
a Ou vy = — dia 
dt dt 
ly = —le ly = U2 


2. The R-C mutator transforms a resistor into a capacitor, and 
vice versa. 


Type |. (v,) 3 (vg) 


Type 2. (v,) = (qv) 


Oj — U2 Ct —I9 
pee diz ie dee 
a age ie adi 
3. The C-L mutator transforms a capacitor into an inductor, and 
vice versa. 
Type 1. (0,9) = G) Type 2. &q) << (@,) 
v4 = —! = BE 
1= —l2 1 ha 
ly = U2 ly = hy io(T) dt 
PROBLEMS 
3-1 A three-terminal resistor is characterized by the equations 


3-2 


iy + ve — 033 = 


ig + 0] = 0 


(a) Recast these equations into the six forms of representation 


(d) 


given in the text. If the equations cannot be expressed in a 
particular form, we say the corresponding representation does 
not exist. Under what conditions may this situation occur? 
Sketch the characteristic curves corresponding to the rep- 
resentations obtained in (a). 

Based on the complexity of the curves obtained in (a), explain 
why a certain form of representation may be preferred over 
another in practice? 

Obtain the characteristic curves in the resistance representa- 


tion graphically from the curves in the conductance rep- 
resentation in (b). 


The characteristic curves of most transistors are measured with re- 
spect to the common-emitter configuration shown in Fig. P3-2a. 


3-3 


3-4 


Multiterminal elements 


From the characteristics of the n-p-n transistor (type 2NXXI17A) 
given in Appendix D, obtain the corresponding sets of curves for 
the common-collector configuration shown in Fig. P3-2b. 


The common-base characteristic curves of an n-p-n or p-n-p tran- 
sistor can be represented approximately by the so-called Ebers- 
Moll equations, 


Tg = Aii(e*Ven — 1) + Ayo(e*¥cs — 1) 
lie= Aox(erkVen — 1) + Ao2(ekVon — 1) 


where & is a constant and A441, Ai2, Aoi, and Ave are coefficients 

which depend upon the type and construction of the transistor. 

(a) Find the corresponding equations in the common-emitter 
configuration. 

(b) Repeat (a) for the common-collector configuration. 

(c) Find the appropriate sign of the coefficients A11, A12, Ai, 
and Ag. for an n-p-n transistor. 

(d) Repeat (c) for a p-n-p transistor. 

(e) Discuss any similarities or differences between the Ebers-Moll 
equations and Eq. (1-14) of a junction diode. Can you find a 
simple relationship between them? 


In the fabrication of large-scale integrated circuits, it is highly 

economical to produce many identical transistors and then to ob- 

tain from them other elements such as diodes. In the case of 

diodes, the transistor is operated as a two-terminal controlled re- 

sistor and may take the five basic forms shown in Fig. P3-4. 

(a) Obtain the v1-i; curve of each of these five configurations. 
Assume a p-n-p transistor type 2NXX16. 

(b) How should you redefine the references if the p-n-p transistor 
is replaced by an n-p-n transistor? 


uy 


(a) (b) 


(d) 


Fig. P3-2. 


Fig. P3-4. 


Not connected 
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Fig. P3-5. 
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3-5 There is an important class of multiterminal black boxes, designed 


specifically for processing digital signals which can assume only 

one of two distinct levels, namely, vj = Eo or vj = Ey. See Fig. 

P3-5a. It is traditional to attach a binary code of 0 or | to 

represent these two distinct states, respectively. In order to study 

the various possible state combinations, it is convenient to tabulate 
the state of the output voltage corresponding to the state of each 
input voltage as shown in Fig. P3-5b. This table is usually called 

a truth table. Construct the truth table to represent the following 

common logic circuits: 

(a) An AND gate. 

(b) An OR gate. 

(c) A black box characterized by v, = Fi, whenever vj = v2 = Eo. 
Otherwise, vo = Eo. This logic circuit is usually called an 
INVERTING gate or a NOT gate. 

(d) A black box characterized by v, = E; whenever v; = Fj or 
ve = Ej, but not both. Otherwise, v, = Eo. This logic circuit 
is usually called an exclusive OR gate. 

(e) A black box characterized by vo = Eo whenever vj = v2 = Fj. 
Otherwise, v, = Eo. This logic circuit is usually called a 
NAND gate. 

(f) A black box characterized by vy = E; whenever v1 = v2 = Ep. 
Otherwise, v, = Eo. This logic circuit is usually called a NOR 
gate. 


Input Output 
signal signal 
Vi Ve Uo 
0 0 
0 1 
1 0 
0 0 
(b) 


3-6 A two-port ideal transformer can be approximately realized in 


practice by a suitable interconnection of a voltage-controlled volt- 
age source and a current-controlled current source. Draw the ap- 
propriate circuit and specify the relationship between the control- 
ling coefficients so as to obtain a turns ratio equal to 14/np. 


3:7 


3-8 


3-9 


3-10 


Multiterminal elements 


The equation of a rocket in motion can be approximately rep- 
resented by the following differential equation: 


d+x d3x d2x dx 
me ai ap a TO 


where do, 41, G2, a3, and a4 are positive coefficients which can be 
adjusted by the ground control to keep the rocket in proper opera- 
tion. The problem is to study the effect of these parameters on the 
performance of the rocket. Although an actual rocket could be 
launched for this purpose, it is extremely costly to do so. Show 
how you may obtain the information by an appropriate analog 
circuit. 


The analog circuits discussed in the text generally require two 
operational amplifiers to perform pure “subtraction” or pure 
“addition.” The following circuits require only one operational 
amplifier for the same task. 

(a) Show that the circuit in Fig. P3-8a is characterized by 
Uo = K(v2 — v1), where kK = Ro/R,. This circuit is also known 
as a differential input amplifier. Explain why. 

(b) Show that the circuit in Fig. P3-8b is characterized by 
Up = V1 + V2, provided Ro = 2Ry. 


(a) 


(a) Show that when an inductor is connected across port 2 of a 
voltage scalor, the resulting two-terminal black box is also an 
inductor having the same i-@ curve, but with its flux linkage 
multiplied by the constant k,. 

(b) For a current scalor, show that the same i-p curve is ob- 
tained, but with the current multiplied by the constant kj. 

(c) Show that an analogous property holds for a capacitor. 


(a) Show that an analogous two-port black box called an L ro- 
tator may be defined to rotate the i-p curve of a nonlinear 
inductor. 


Fig. P3-8. 


149 


150 


Fig. P3-14. 


resistor 


(a) 


3-11 


3-12 


3-13 


3-14 


(b) 
(c) 


(a) 
(b) 
(c) 


(a) 


(b) 


(c) 


(a) 


(b) 


(c) 


(a) 


(b) 


(c) 


(d) 


Foundations of nonlinear network theory 


Show that an L rotator can be realized in practice by either 
a m network or a T network containing three linear inductors. 
Show that an L rotator can also be realized by connect- 
ing either port of a rotator across port R of an R-L mutator. 


Show that an analogous two-port black box called a C rotator 
may be defined to rotate the v-g curve of a nonlinear capacitor. 
Show that a C rotator can be realized in practice by either a 
a network or a T network containing three linear capacitors. 
Show that a C rotator can also be realized by connecting 
either port of a rotator across port R of an R-C mutator. 


Show that an analogous two-port black box called an L re- 
flector may be defined to reflect the i-p curve of a nonlinear 
inductor. 

Show that an L reflector can be realized by the same reflector 
circuits given in the text, provided the resistors are replaced 
by inductors. 

Show that an L reflector can also be realized by connecting 
either port of a reflector across port R of an R-L mutator. 


Show that an analogous two-port black box called a C reflec- 
tor may be defined to reflect the v-g curve of a nonlinear 
capacitor. 

Show that a C reflector can be realized by the same reflector 
circuits given in the text, provided the resistors are replaced 
by capacitors. 

Show that a C reflector can also be realized by connect- 
ing either port of a reflector across port R of an R-C mutator. 


Show that a two-port resistor may be transformed into a two- 
port inductor or a two-port capacitor by the circuit shown in 
Fig. P3-14a, where X stands for L in the inductor case and C 
in the capacitor case. 

Show that the circuit shown in Fig. P3-14d is equivalent to 
the three-terminal linear inductor defined by Eqs. (3-41) and 
(3-42). 

In practice, this three-terminal inductor is called a pair of 
mutual inductance if Lyz = Lo; = M. Find the relationships 
between Lia, L22, M and R4, Ro, R3. 

Based on the observation that an R-L mutator can be syn- 
thesized without using any inductor, discuss the possible ap- 
plication of this mutual inductance in integrated circuits. 


Multiterminal elements 


Verify that the two-port black box N3 is obtained from the cascade 

connection between N,; and Nz» as shown in Fig. P3-15. 

(a) Ni = type 1 C-L mutator, No = type 2 R-C mutator, N3 = type 
1 R-L mutator. 

(b) Ny = type 1 C-L mutator, No = type 1 R-C mutator, N3 = type 
2 R-L mutator. 

(c) MN, = type 1 C-L mutator, No = type 2 R-L mutator, N3 = type 
1 R-C mutator. 

(d) M1 = type 1 C-L mutator, N2 = type 1 R-L mutator, N3 = type 
2 R-C mutator. 

(e) Ny = voltage scalor with k, =n, No = current scalor with 
k, = 1/n, N3 = two-port ideal transformer. 


The rotator, the reflector, and the scalor can be considered as 
special cases of a more general two-port resistor called the /inear 
transformation converter (LTC). The LTC is characterized by 


a Avo = Biz 

1, — Cv2 = Diz 

AD — BC#0 

(a) Find the coefficients A, B, C, and D for the rotator, the 
reflector, and the scalor. 

(b) Prove that any prescribed LTC can be synthesized by con- 
necting in cascade a 9} reflector, a current scalor with coeffi- 
cient K;, a voltage scalor with coefficient Ky, and a @5 rotator, 


in the above order. Find the relationship of 61, #2, Ky, and Kyin 
terms of the prescribed coefficients A, B, C, and D. 


A multiplier is a four-terminal element (consisting of two input ter- 
minals, one output terminal, and a common ground terminal) 
characterized by i; = 0, ig = 0, and uv, = 0402. 

(a) Show that a squaring circuit characterized by i; = 0, iz = 0, 
and v, = v;2 can be synthesized using only one multiplier. 

(b) Using the squaring circuit from (a) and an integrator, synthe- 
size a mean-squaring circuit characterized by i; = 0, i2 = 0, 
and v,(t) = fe v;2(7) dr. 

(c) Show that a circuit for finding the square root of an input sig- 
nal (v, = \/vi) can be synthesized using only two linear 
resistors, an operational amplifier, and a multiplier. 

(d) Show that a divider circuit characterized by i; = 0, ig = 0, and 
Up = Ui/v2 can be synthesized using only two linear resistors, 
an operational amplifier, and a multiplier. 


Fig. P3-15. 
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1To these we may add the 
class of independent sources, 
which may be interpreted 
as a special case of two- 
terminal resistors, and the 
class of controlled sources, 
which may be interpreted 
as a special case of four- 
terminal, or two-port, re- 
sistors. There are occasions 
where it is more conven- 
ient to regard these sources 
as a separate set of ele- 
ments. We shall find both 
interpretations useful in 
this book. 


2 This is necessary in order 
that the reader may know 
exactly the conditions un- 
der which a particular 
method is valid. By so 
doing, the reader will be 
in a better position to solve 
new problems that may 
confront him in the future. 


4-1 CLASSIFICATION OF NONLINEAR NETWORKS 


So far, we have been concerned primarily with the classification 
of n-terminal black boxes where n > 2. Regardless of the number 
of terminals n, we have found it convenient to define only three 
basic types of lumped network elements, namely, n-terminal 
resistors, n-terminal capacitors, and n-terminal inductors.1 The 
main reason for this three-way classification is that most practical 
devices either belong to one of these types or may be modeled by 
an appropriate combination of these elements. We have also dis- 
cussed various practical applications of each type of elements. 
Since little background is assumed of the reader at this stage, only 
simple applications were discussed. Even then, we have found it 
necessary in many occasions to somewhat idealize the circuits. 
The reader will discover many more practical applications by the 
time he finishes this book. It is hoped that these exciting applica- 
tions will provide the reader with enough motivation to embark 
on a serious study of nonlinear network theory. In the hope 
of providing sufficient generality to the principles and methods, 
we have found it necessary at times to inject a certain amount of 
formalities which may not be as motivating as concrete, but less 
general, examples.” 


Our first formal task is to state a number of important 
definitions. 


DEFINITION OF NETWORKS AND SUBNETWORKS 


A network is any interconnection of the three basic types of net- 
work elements and sources, which may be both independent and 
controlled. A network is said to be Jinear if it contains only linear 
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Equations of motion 


elements (in the sense defined previously) and sources. Otherwise, 
it is nonlinear.1 On many occasions we shall find it useful to parti- 
tion the network elements in a network N into two or more 
groups, where the elements in one group may be connected to ele- 
ments in another group only through external wires. That part of 
the network containing any particular group of elements is called 
a subnetwork. 


DEFINITION OF RESISTIVE AND DYNAMIC NETWORKS 


A network is said to be a resistive network if it contains only 
n-terminal resistors and sources.” Otherwise, it is called a dynamic 
network.? 


The reason for the above classification is a very fundamental 
one. As will be demonstrated shortly, the governing equations de- 
scribing any resistive nonlinear network are nonlinear functional 
(algebraic or transcendental) equations. In contrast with this, the 
equations describing any dynamic nonlinear network are nonlin- 
ear differential equations. Since these two types of equations are 
solved by entirely different techniques, it is only logical to analyze 
these types of networks separately. Since resistive networks are 
more fundamental than dynamic networks, we shall study this 
class of networks first. The importance of resistive-network 
analysis as a prerequisite to the analysis of dynamic networks can 
be seen by noting that all part 2 (Chaps. 5 to 12) of this book is 
addressed only to resistive networks. Although certain simple dy- 
namic networks could have been discussed earlier, or even mixed 
in with the discussion on resistive networks, we have found it more 
satisfactory from a pedagogical point of view to postpone all dis- 
cussion of dynamic networks until part 3. 

Our main purpose in this chapter is to formulate a systematic 
method for writing the governing equations describing a nonlinear 
network. In analogy to mechanics, we shall henceforth refer to the 
governing equations as the equations of motion. 


4-2 LAWS OF ELEMENTS AND OF INTERCONNECTION 


The three basic network elements are completely specified by a 
curve, or sets of curves, relating the variables voltage and current 
for a resistor, voltage and charge for a capacitor, and current and 
flux linkage for an inductor. We can interpret the element- 
characteristic curves as constraints or “laws” that must be satisfied 
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1Since almost all networks 
to be considered in this 
book are nonlinear, we 
shall usually omit writing 
this adjective. 


?Recall that the class of 
n-terminal resistors in- 
cludes a large variety of 
special cases such as con- 
trolled resistors and n-port 
resistors. In particular, a 
resistive network may con- 
tain ideal transformers, 
scalors, rotators, reflectors, 
gyrators, and negative im- 
pedance converters. 


3 For reasons that will soon 
be obvious, a resistive net- 
work is sometimes called 
a memoryless network or 
an instantaneous network. 
In contrast with this, a 
dynamic network is often 
called a network with 
memory. 
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by the element at all times. Hence, we shall refer to the element- 
characteristic curves as the laws of elements. 

The laws of elements pertain only to individual elements. 
When these elements are interconnected to form a network, there 
are some governing laws that all elements in the network must obey. 
We shall refer to these laws as the Jaws of interconnection. In 
lumped-network theory, the laws of interconnection consist of the 
following: 


1. Kirchhoff voltage law (KVL): The algebraic sum of voltages 
around any closed loop of a lumped electrical network is zero 
at all times. 


2. Kirchhoff current law (KCL): The algebraic sum of currents 
entering any node of a lumped electrical network is zero at all 
times. 


It must be emphasized that the laws of elements and the laws 
of interconnection are distinct and completely independent laws. 
Perhaps a simple example from freshman physics will help to 
make this distinction clear. Consider a mechanical system consist- 
ing of a stiff spring coil A with one end fixed against the ceiling 
and the other tied to one end of a smaller spring coil B. A mass 
M is attached to the other end of spring B. In order to predict the 
motion when the mass & is given an initial displacement and then 
released, it is necessary to write the equations of motion describ- 
ing the system. In order to do this, we must know first the charac- 
teristics of each of the two springs, which in this case are given by 
the well-known Hooke’s law. But Hooke’s law pertains only 
to each spring and is independent of the entire system. In other 
words, regardless of how the springs are interconnected, each 
spring must independently satisfy Hooke’s law at all times. In 
order to complete the equations of motion describing the system, 
we need some other laws which govern the interconnection of 
mechanical elements, namely, Newton’s laws of mechanics. It is 
clear, therefore, that for our example, Hooke’s law corresponds to 
the law of elements and Newton’s laws correspond to the law of 
interconnection. Both are needed to write the complete equations 
of motion of the system. 

The fundamental problem in nonlinear network theory is to 
determine the voltages across all network elements and the cur- 
rents through all network elements which simultaneously satisfy 
the laws of elements and the laws of interconnection. We shall call 
such a set of voltages and currents the solution of the network. 


Equations of motion 


When the laws of elements and the laws of interconnection are ap- 
plied to a given network, the resulting equations are called the 
equations of motion. 


4-2-1 EQUATIONS OF MOTION PERTAINING 
TO THE LAWS OF ELEMENTS 


The general form of equations describing the laws of elements has 
already been discussed in the preceding chapters. For nonlinear 
elements these equations are also nonlinear and are, therefore, 
difficult to describe analytically. Nevertheless, it is useful to 
denote these relationships symbolically by functional notations. 
For example, the laws describing a two-terminal resistor, capacitor, 
and inductor can be represented in the following general forms:1 


Resistor: —_fr(v;,1;) = 0 (4-1) 
Capacitor: Ke C(V;,9j) =6) 5 = hp. (4-2) 
Inductor: /f,(i;,pj) = 0 Up os (4-3) 


It is important to observe that the variables in each of the above 
equations pertain only to a particular element. Since each equa- 
tion involves a different set of variables, it is impossible to derive 
one equation from the remaining equations. Mathematically, this 
statement is equivalent to saying that the equations of motion 
pertaining to the laws of elements are always independent of one 
another. Another important observation is that whereas the laws 
of resistors are always functional equations,” the laws of capacitors 
and inductors involve time derivatives of qg; and q; and hence are 
functional-differential equations; i.e., each element must be de- 
scribed by both functional equations and differential equations. 


4-2-2 EQUATIONS OF MOTION PERTAINING 
TO THE LAWS OF INTERCONNECTION 


It is clear from the statements of KVL and KCL that the equa- 
tions arising from the laws of interconnection are independent of 
the type of elements in the network. In other words, it does not 
matter whether a certain element across a pair of nodes is a resis- 
tor, a capacitor, an inductor, or a source. Only the network con- 
nection diagram, the topology, need be specified in order to ob- 
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1The same general form 
applies to n-terminal ele- 
ments, where n > 2. The 
only difference here is that 
each element is now de- 
scribed by (n — 1) equa- 
tions. Each equation is 
generally a function of 
2(n — 1) variables, namely, 
v;, ly for resistors, vj, g; for 
capacitors, and i;, pj for in- 
ductors, with j = 1,2,..., 
n—l. 

2 Any operation which does 
not contain time-derivative 
or integral terms is said to 
be a functional equation. 
In particular, a functional 
equation is said to be an 
algebraic equation if it is a 
polynomial equation. Oth- 
erwise, it is a transcenden- 
tal equation. 
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(a) 


(c) 


Fig. 4-1. For the purpose of ob- 
taining the equations pertain- 
ing to the laws of interconnec- 
tion, each two-terminal element 
or source may be replaced by a 
line segment called a branch. 
By convention, the positive ter- 
minal is assumed to be at the 
tail end of the branch arrow 
and need not be indicated ex- 
plicitly. 
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tain the equations corresponding to the laws of interconnection. 
This observation is particularly useful when the network contains 
only two-terminal elements and sources. Here it is convenient to 
replace each two-terminal element (Fig. 4-1a) in the network by 
a short line segment called a “branch” or an “edge” of the 
element as shown in Fig. 4-1b. As usual, each terminal of the 
branch is called a node. Observe that each branch must indicate 
the original reference direction for i; and the original reference 
polarity for v;. It is common practice, however, to draw only an 
arrow in each branch, as shown in Fig. 4-lc, and to follow 
the convention that the node at the tail end of the arrow is always 
the positive terminal. 

If each two-terminal element of a network N is replaced by 
a branch, the result is called a network graph or simply a graph. 
To demonstrate that the equations pertaining to the laws of inter- 
connection can be written directly from this graph, let us consider 
the typical bridge network shown in Fig. 4-2a and its net- 
work graph as shown in Fig. 4-2b. The laws of interconnection 
can now be obtained as follows: 


KVLequations Corresponding to each of the following closed loops, 
we obtain one equation: 


Loop formed by KVL equation 
Branches 1, 2, 5, 7 v1 + Vo — Us — 07 = 0 (4-4a) 
Branches 3, 4, 2 Uz Us — Uo = 0 (4-4b) 
Branches 3, 8, 2 03 — Ug — Vo = 0 (4-4c) 
Branches 4, 8 U4 + Vg = 0 (4-4d) 
Branches 4, 6, 5 —U4 + Ug + U5 = (4-4e) 
Branches 8, 6, 5 Vg + Vg + U5 = 0 (4-4f) 
Branches 3, 6, 5, 2 v3 + Ue + Us — Ve = 0 (4-42) 
Branches 1, 3, 6, 7 U1 + v3 + Ug — v7 = 0 (4-4h) 


Etc. Etc. 


KCL equations Corresponding to each of the following nodes, we 
obtain one equation: 


Node KCL equation 
a ii — ig — ig = 0 (4-5a) 
b is — ig — ig + ig = 0 (4-55) 
c bye prec aes iy — 0) (4-5c) 
d —i5 + ie + in = 0 (4-5d) 


iss) 


ij +i7 = 0 (4-5e) 


Equations of motion 


It should now be clear that the equations arising from the laws 
of interconnection are always linear algebraic equations (whose co- 
efficients are either plus or minus 1) and it is a simple matter to 
write these equations. However, the trouble with the above equa- 
tions is that there are too many of them. Many of the equations 
are redundant in the sense that they can be derived from other 
equations in the set. For example, Eq. (4-4d) can be obtained by 
subtracting Eq. (4-4c) from Eq. (4-45), and therefore it is redundant. 
Similarly, Eq. (4-5e) is also redundant because it can be obtained 
by adding Eqs. (4-5a) to (4-5d). 

The above examples clearly point out the need to have a sys- 
tematic procedure for writing an “independent” set of KVL and 
KCL equations. In order to do this, we must study some elemen- 
tary concepts of network topology. 


Exercise 1: Obtain Eqs. (4-4) and (4-5) directly from the network shown in Fig. 
4-2a. What is the advantage of using the network graph? 

Exercise 2: The v-i curves of two nonlinear resistors in a network are given by 
vy = i423 and i2g = v2 — v2°. (a) Recast these into the form of Eq. (4-1). (b) Are these 
equations independent? Explain why. 

Exercise 3: Consider the system of two equations x1 + 2x2 = 4and 2x; + 4x2 = 8. 
(a) Are these equations independent? (5) Solve for the value or values of x; and 
x2. (c) How many solutions do these equations possess? From this answer, ex- 
plain why it is necessary to have independent equations. 


4-3 INTRODUCTION TO NETWORK TOPOLOGY 


Let N be a network containing only two-terminal network elements 
and independent sources.! Let G be the network graph associated 
with NV. We shall assume that WN is a connected network in the sense 
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Fig. 4-2. A typical bridge net- 
work and its associated net- 
work graph. 


1It is possible to include 
multiterminal elements as 
well as controlled sources 
in a more general discus- 
sion of network topology. 
However, this would in- 
volve certain complexities 
beyond the intended level 
of this book. When such 
elements are allowed, the 
network graph usually 
consists of several separate 
subgraphs which are phys- 
ically disconnected. Be- 
cause of this, some of the 
results to be derived in this 
section may not be ap- 
plicable in the more gen- 
eral case. 
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1 According to this method, 
which has its foundation 
in mathematical logic, any 
proposition which claims 
to be true for all cases 
ens bia Ee etc. can be 
proved by verifying two 
steps: (1) Show that the 
proposition is indeed true 
form = 1.(2) Assume next 
that the proposition is true 
for m = k. Show that this 
assumption implies that 
the proposition is also true 
form=k +1. 
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that it consists of only one piece; i.e., there is no physical separa- 
tion. A network graph corresponding to a connected network is 
said to be a connected graph. Clearly, it is possible to move from 
one node of a connected graph to any other node via a path made 
up entirely of branches of the graph. Throughout this section, we 
shall let n denote the total number of nodes and b denote the total 
number of branches in the network graph G. 


DEFINITION OF TREE AND COTREE 


A set of branches of a network graph G is said to be a tree of G 
if the branches connect all nodes of G but do not form any closed 
loop. Any branch belonging to a tree T is called a tree branch. 
Branches that do not belong to a given tree are called Jinks. All 
the links of a given tree form what is called a cotree T,. Therefore, 
there is a definite cotree associated with every tree. 


It is clear from the definition that there are in general many 
distinct trees for any network. For example, some of the possible 
trees of the network graph in Fig. 4-25 are shown in Fig. 4-3. The 
cotree corresponding to 7, then consists of branches 3, 4, 5, and 7. 
Similarly, the cotree corresponding to the tree T2 consists of the 
branches 2, 4, 7, and 8, etc. 

Based on the above definition, we can derive several impor- 
tant properties that are valid for any connected network contain- 
ing only two-terminal elements and independent sources. 


PROPERTY 1 


Let G be a network graph with n nodes and b branches. Let T be 
any tree of G and T, be the corresponding cotree. Then T contains 


exactly (n — 1) tree branches and T, contains exactly b — (n — 1) 
links. 


In order to prove this property, we must appeal to a method 
called mathematical induction.1 Since each branch must have at 
least two nodes, the first step (corresponding to m = 1) is to verify 
that a two-node network graph contains exactly one tree branch. 
This is obviously the case, for were there two tree branches con- 
necting the two nodes, there would be a loop which is excluded 
by the definition of a tree. For the second step, let us suppose that 
it is true that a A-node network graph contains exactly (kK — 1) tree 
branches. If we add one more node to this graph, we must add one 
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more branch to the original tree, for otherwise, no connection 
would exist from this node to the nodes connecting the tree 
branches. Again, it is not possible to add more than one tree 
branch without creating a loop. Hence, our new tree for the 
(A + 1)-node network graph has exactly (k — 1) + 1 =k tree 
branches. This verifies that the first proposition of property 1 is 
true for all cases. Since G has a total of b branches, the remaining 
b — (n — 1) branches must be links. This proves property 1. 


PROPERTY 2 


The n — I tree-branch voltages corresponding to any tree of a net- 
work without controlled sources are independent of one another; that 
is, it is impossible to express any tree-branch voltage as a linear 
combination of the other tree-branch voltages. 


This property follows from two observations. (1) Since none 
of the tree branches is a controlled source, there cannot exist any 
relationship between two or more tree-branch voltages other than 
possibly a constraint that may be imposed by KVL. (2) Since by 
definition the tree branches do not form any closed loop, it is im- 
possible to write a KVL equation that involves only the tree- 
branch variables. Hence, it is impossible to find any relationship 
among the tree-branch variables; consequently, it is impossible to 
solve for any tree-branch voltage in terms of the remaining tree- 
branch variables. 


PROPERTY 3 


The b — (n — 1) link currents corresponding to any cotree of a net- 
work without controlled sources are independent of one another. 


The proof of this property is very similar to that of property 2. 
First, we observe that since none of the links is a controlled 
source, there cannot exist any relationship between two or more 
link currents other than possibly a constraint that may be imposed 
by KCL. Next, we observe that, by definition, a tree must connect 
all nodes. This is equivalent to saying that it is impossible to find 
a node connected only by links, since one of the branches must 
necessarily be a tree branch. But since KCL pertains to all branches 
terminating in a node, it is impossible to obtain a KCL equation 
containing only link currents. Hence, property 3 follows from 
reasons similar to those given earlier. 
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(d) Tree T, 


Fig. 4-3. Four of the many dis- 
tinct trees of the network graph 
shown in Fig. 4-2b. 
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Exercise 1: (a) Find all trees of the network graph in Fig. 4-2b other than those 
already given in Fig. 4-3. (b) List the cotrees corresponding to each tree obtained 
in (a). (c) Verify that property 1 is satisfied by each tree obtained in (a). 


Exercise 2: Verify that properties 2 and 3 are satisfied by the network graph of 
Fig. 4-2b. 


4-3-1 CRITERIA FOR WRITING INDEPENDENT KVL EQUATIONS 


Our objective in this section is to formulate some criteria for 
writing a system of independent KVL equations. As usual, we let 
T be any tree of a network graph G. Since the tree branches con- 
nect all nodes but do not form closed loops, it is clear that the ad- 
dition of any one link will immediately establish a closed loop 
formed by that link and one or more tree branches. Any such closed 
loop formed by the tree branches and exactly one link is called a 
fundamental loop. 

For example, corresponding to the tree 7; shown in Fig. 4-3, 
we obtain one fundamental loop corresponding to each link; 
hence, corresponding to link 7, we obtain loop 1, 2, 8, 6, 7. Ob- 
serve that loop 1, 3, 6, 7 is not a fundamental loop because it has 
more than one link, namely, 3 and 7. Since there are exactly 
b — (n — 1) links in any network graph in accordance with prop- 
erty 1, it is clear that there are exactly b — (n — 1) fundamental 
loops in any network graph. We are now ready to state a funda- 
mental theorem which shows us how to write a set of independent 
KVL equations. 


INDEPENDENT KVL EQUATION CRITERIA 


Let G be any network graph containing n nodes and b branches. 
Let T be any tree in G. Then the maximum number m of independ- 
ent KVL equations that can be written is equal to b — (n — 1). 
Moreover, these m independent equations can always be written by 
applying KVL to the b — (n — 1) fundamental loops associated with 
the tree T. 


We shall prove the first assertion by the method of contradic- 
tion. Let m = b — (n — 1), and suppose that it is possible to write 
M independent KVL equations, where M > m. Let us consider 
the first m equations. Clearly they must be independent, too. 
These m equations would in general contain b unknowns, namely 
V1, V2, ..., Uy. Since m < b, we do not have enough equations to 
solve for the unknowns. However, in view of property 2 we know 
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the n — | tree-branch voltages are independent, which means that 
we can assume any value for these voltages without violating the 
laws of interconnection. Suppose we let the tree-branch voltages 
be v1, V2, . . . , Un_1 and consider the remaining m link voltages to 
be the unknowns. Our m independent equations would then con- 
tain exactly m unknowns, and we can solve for any of the 
link voltages uniquely in terms of the n — 1 tree-branch voltages. 
But we have used only m of the M equations. This means that the 
remaining M — m equations must automatically be satisfied by 
the solutions we obtained earlier using the m equations, and there- 
fore they can be derived from the m equations. This is a contra- 
diction to our original assumption. Hence, we have shown that 
there cannot be more than m independent KVL equations. 

The above criteria would finally be proved if we show that we 
can actually write m independent KVL equations. If we choose 
the loops according to the criteria, then, since each of the 
b — (n — 1) fundamental loops contains exactly one of the 
b — (n — 1) links, it is clear that the KVL equation corresponding 
to each fundamental loop would contain one link voltage which is 
missing in all other equations. In other words, each of the m 
equations contains one link voltage variable that is not present in 
the other equations. It is therefore impossible to derive one equa- 
tion from the rest, because at least one variable cannot be 
accounted for. This proves that the set of m KVL equations is in- 
deed independent and completes the proof. 

The above criteria can be simplified somewhat if the network 
is planar, i.e., if the network graph can be drawn on a plane with- 
out any branches intersecting except at nodes. A network which 
does not satisfy this property is said to be nonplanar. To illustrate 
the difference between a planar and a nonplanar network, con- 
sider first the bridge network shown earlier in Fig. 4-2. This net- 
work is clearly planar because its graph has no intersecting 
branches. The lattice network shown in Fig. 4-4a looks like a non- 
planar network, but do not be fooled by what appear to be inter- 
secting branches. This network is planar because its graph can be 
redrawn in planar form as shown in Fig. 4-4b. However, the net- 
work shown in Fig. 4-5 is nonplanar because it is impossible to 
draw its graph on a plane without intersecting branches. 

If a network is planar, then its graph can be stretched 
(imagine that the branches are made of rubber bands) into some- 
thing that resembles a fish net. This leads us to define a mesh of a 
planar network to be a closed loop which encloses no branches in 
its interior. Observe that the term mesh is defined only for planar 
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Fig. 4-4. A lattice network is 
planar because its graph can 
be drawn on a plane without 
intersecting branches. 
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(a) (b) 


networks and that while every mesh is a loop, not every loop is a 
mesh. For example, consider the planar graph of Fig. 4-2b. The 
loop formed by branches 2, 3, 4 is a mesh, but the loop formed by 
branches 2, 3, 8 is not because it contains branch 4 in its interior. 
The significance for defining meshes is that it leads naturally to 
the following simple criteria. 


INDEPENDENT KVL MESH EQUATION CRITERIA 


A planar network with n nodes and b branches contains exactly 
b — (n — 1) meshes. Moreover, the KVL equations written around 
these meshes are independent. 


The first part of the criteria can be proved rigorously by ap- 
plying the principles of mathematical induction similar to the way 
we did earlier in proving property 1. The second part of these 
criteria can be proved by the method of contradiction. Since the 
details are quite lengthy, although not difficult, we shall leave the 
proof for the problems. 


Exercise 1: Find the b — (n — 1) fundamental loops associated with each of the 
four trees shown in Fig. 4-3. 


Exercise 2: (a) Obtain the set of independent KVL equations associated with the 
tree 7; of Fig. 4-3. (b) Add a KVL equation (written around another loop) to the 
equations already obtained in (a). Show that these equations are not independent 


by following the steps given in the proof of the independent KVL equation 
criteria. 


Exercise 3: (a) Verify that the networks shown in Figs. 4-2 and 4-4 have exactly 
b — (n — 1) meshes. (b) Show that the choice of these meshes is not unique by 
redrawing the associated graphs into as many distinct configurations as possible. 
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4-3-2. CRITERIA FOR WRITING INDEPENDENT KCL EQUATIONS 


Our objective here is to formulate an analogous set of criteria for 
writing a system of independent KCL equations. Before we do 
this, it is necessary to introduce the concept of a cut set. 

Given a network graph G, a cut set is a set of branches of G 
having the property that if we cut each branch in the set once (as 
if with scissors), the graph becomes separated into two disconnected 
subgraphs, and if we leave any one branch of the set uncut, the 
graph remains connected in one piece by that branch. 

For example, consider the graph shown in Fig. 4-2b. The set 
of branches {3,4,8,6} is a cut set, since cutting these branches 
once separates the graph into two subgraphs. Similarly, the set of 
branches {3,4,8,5,7} is also a cut set. However, the set of branches 
{3,4,6} is not a cut set because the graph is still connected by 
branch 8. The set of branches {1,2,3,4} is not a cut set, but for a 
different reason. Even though cutting all four branches results in 
two separate subgraphs, it is not a cut set because it includes one 
more branch than is necessary to separate two subgraphs. Only 
the three branches {1,2,3} which would still separate the graph 
into two subgraphs is a cut set. From this, we can conclude that 
the set of branches connected to any node is automatically a cut 
set. 
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Fig. 4-5. An example of a non- 
planar network. 
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Fig. 4-6. The branches belong- 
ing to a cut set can always be 
redrawn to show the two sub- 
graphs G’ and G” explicitly. 


1 We assume here that care 
has been taken to ensure 
that current entering each 
node is consistently as- 
sumed to be positive or 
negative. This is necessary 
for the “cancellation” re- 
quired in the latter part of 
the proof to take place. 
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If we actually “cut” the branches belonging to a cut set, then 
these branches would be separated into two separate subgraphs. 
For convenience, we shall arbitrarily call them the first subgraph 
and the second subgraph. We shall next define a positive orientation 
for the cut set to be from the first subgraph to the second subgraph. 
If the current in any branch belonging to this cut set is in the 
same orientation, it is said to be positively directed. Otherwise, it 
is negatively directed. With these preliminaries we are now in a 
position to derive a more general form of Kirchhoff current law. 


GENERALIZED KIRCHHOFF CURRENT LAW 


The algebraic sum of all branch currents belonging to a cut set is 
zero. The sign of each current is assigned in accordance with the 
rule given above. 


To prove this important result, let the branches {b,,bo, . . . bx} 
be a cut set of an arbitrary network graph. In view of the definition 
of a cut set, we can always redraw the network graph in the form 
shown in Fig. 4-6 to indicate explicitly that the cutting of branches 
{b1,...,b,} results in separating the network into two subgraphs 
G’ and G”. Let us arbitrarily define the positive orientation of this 
cut set to be from G’ to G”. To be specific, let us suppose that the 
subgraph G” contains m nodes, where m > 1. When m= 1, 
the subgraph G” would simply be a node connecting the branches 
{bi,...,5x}, and the theorem is automatically satisfied since KCL 
is then applicable at the node. If m > 1, then there will be more 
than one node inside G” which connects not only the branches 
{b1,...,b%}, but also other internal branches. Suppose, corre- 
sponding to each internal node in G”, we write the KCL equation 
at that node.! This would give us m KCL equations. Observe now 
that each variable i; corresponding to an internal branch of G” 
would appear in exactly two of the m KCL equations and with 


Equations of motion 


opposite signs. This must be so because each internal branch of G” 
must be connected between two internal nodes x and y of G”. The 
current corresponding to this branch is directed either from node 
x to node y or vice versa, but in any case the KCL equations 
written at node x and at node y would each contain i; with opposite 
signs. The variables that will appear only once in the above set of 
KCL equations will be the currents thy; Bbos's 225 toy FLENCEs iL we 
add the corresponding sides of all the m KCL equations, the 
internal currents in the left side of the resulting equation would 
cancel each other out, leaving the equation 


ly, —'lig Fo +> +h, = 0 


This is equivalent to saying that the algebraic sum of currents in 
all branches of any cut set is zero. Hence, the result is proved. 

Observe that the generalized KCL includes the original version 
as a special case. Actually, it is sometimes useful to imagine each 
of the two subgraphs G’ and G” in Fig. 4-6 as a “supernode.” In 
this case, the generalized KCL can be simplified as follows: The 
algebraic sum of all branch currents entering a supernode is zero. 

We have seen earlier that a network can have many distinct 
cut sets. Although the generalized KCL is valid at each cut set, not 
all equations obtained this way are independent. The key to the 
criteria we are looking for lies in the recognition of a special class 
of cut sets known as the fundamental cut sets. A cut set corre- 
sponding to a tree T of a network graph is said to be a fundamen- 
tal cut set if the branches belonging to the cut set contain only 
one tree branch of T and if the rest of the branches are links. 

To illustrate the difference between a fundamental cut set and 
an ordinary cut set, consider again the network graph shown in 
Fig. 4-2b. If we pick the tree 7, in Fig. 4-3 again, then the set of 
branches {1,7} is a fundamental cut set. Similarly, the sets {7,2,3}, 
{7,5,8,4,3}, and {7,5,6} are also fundamental cut sets, since each 
contains only one tree branch of T;. Observe, however, that the set 
of branches {1,2,3} is not a fundamental cut set corresponding to 
the tree T, because it contains two tree branches, | and 2. 

In view of property 1 discussed earlier, it is clear that, corre- 
sponding to any tree, there are exactly n — 1 fundamental cut sets 
in any network graph. Or another way of saying it is that there 
are as many fundamental cut sets as there are branches in a tree. 

We are now ready to state a fundamental result which shows 
us how to write a set of independent, generalized KCL equations. 
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INDEPENDENT KCL EQUATION CRITERIA 


Let G be a network graph containing n nodes and b branches. Let 
T be any tree in G. Then the maximum number of independent 
generalized KCL equations for G is n — 1. Moreover, these n — 1 
independent equations can always be written by applying the gener- 
alized KCL to the n — I fundamental cut sets associated with the 
tree T. 


This important result can be proved in a manner very similar 
to the way the independent KVL equation criteria were proved. 
Hence, we shall leave the details of the proof for the problems. 


Exercise 1: (a) List all the cut sets of the graph shown in Fig. 4-26. (6) Redraw 
each of the cut sets obtained in (a) into the form of two subgraphs shown in 
Fig. 4-6. (c) Verify that each subgraph can be considered as a supernode for the 
purpose of applying KCL. 


Exercise 2: (a) Find all fundamental cut sets of the network graph shown in Fig. 
4-2b corresponding to each of the trees 72, 73, and 7, listed in Fig. 4-3. 
(b) Verify that there are exactly n — 1 fundamental cut sets in each case. 


4-4 EQUATIONS OF MOTION FOR RESISTIVE NETWORKS 


The materials in the preceding section have been presented on 
rather formal grounds because of their generalities. To offer some 
relief from this overdose, we shall now be more specific. In partic- 
ular, we shall consider several representative types of networks in 
their order of complexity. Our objective in this section is to go 
through these networks in great detail and show how to obtain an 
independent set of equations of motion for each network. In order 
not to distract our line of thought from this main objective, we 
shall go as far as simplifying the equations to a reasonably com- 
pact form, but we shall not solve them. The means for solving 
these equations will be discussed in Sec. 4-5. 


4-4-1 NETWORKS CONTAINING ONLY TWO-TERMINAL 
RESISTORS AND INDEPENDENT SOURCES 


The materials on network topology are clearly applicable to this 
class of networks. We shall consider two examples. 
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1. Consider the simple network shown in Fig. 4-7a. The only non- 
linear element is a varistor with a v-i curve represented by 
v = 50i1/3, where v is in volts and 7 is in amperes. 

An inspection of this v-i curve in Fig. 4-7b reveals that for 
a certain range of currents the voltage varies only slightly. Be- 
cause of this property, this circuit is usually used in practice 
with Re as the load resistor. Since the same voltage v appears 
across Re, the load voltage is thereby stabilized against any 
undesirable fluctuation in the input source voltage E. As such, 
this circuit is usually called a voltage-stabilizer network. In order 
to design this circuit properly, it is necessary to solve for the 
voltage v4 corresponding to each value of E. Our first step is to 
write the equations of motion describing this network. 

The graph of this network is shown in Fig. 4-7c. The 
equations of motion consist of two parts:? 


Equations from the laws of elements 


Element 1: V1 = Rit (4-6a) 
Element 2: Ve = Roie (4-65) 
Element 3: bs SE (4-6c) 
Element 4: 04 = S0ig!/8 (4-6d) 
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Fig. 4-7. A voltage stabilizer 
network and its associated fun- 
damental loops and fundamen- 
tal cut sets. 


1As we learn more tech- 
niques, we shall find many 
short cuts for solving this 
problem. However, our 
aim here is to illustrate 
the systematic methods for 
writing a system of inde- 
pendent equations. There- 
fore, we shall do it the 
hard way. 


2 Observe that it is impor- 
tant to choose the same 
unit for all current and 
voltage variables when 
writing the equations of 
motion. 
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1 Unless specified otherwise, 
we shall pick the direction 
for which a fundamental 
loop is traced to be along 
the reference direction of 
the link in the loop. Simi- 
larly, the positive orienta- 
tion of each cut set will be 
taken identical with the 
reference direction of the 
tree branch in the cut set. 
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Equations from the laws of interconnection 


Since the graph has three nodes and four branches, n = 3, 
b = 4. Hence from the independent KVL equation criteria, we 
can write two independent equations by choosing two funda- 
mental loops. Similarly, from the independent KCL equation 
criteria, we can write two independent KCL equations by 
choosing two fundamental cut sets. To do this, we must first 
pick a tree, say branches 2 and 3. The remaining branches | and 
4 are therefore links. For our first fundamental loop, we pick 
link 1 and close the loop around tree branches 2 and 3, as 
shown in Fig. 4-7d. For the second fundamental loop, we pick 
link 4 and close the loop around tree branch 2, as shown 
in Fig. 4-7e. To obtain our first fundamental cut set, we pick 
tree branch 3 and form a cut set with link 1, as shown in Fig. 
4-7f. To obtain the second fundamental cut set, we must pick 
tree branch 2 with links 1 and 4, as shown in Fig. 4-7g. The 
following independent equations from the laws of interconnec- 
tion are now easily obtained:! 


Fundamental loop KVL equations 
Branches 1, 2, 3 V1 + Ve — v3 = 0 (4-7a) 
Branches 4, 2 U4 — Vo = 0 (4-76) 
Fundamental cut set KCL equations 
Branches 3, 1 +i = 0 (4-7c) 
Branches 2, 1, 4 ig —iy + ig = 0 (4-7d) 


Equations (4-6) and (4-7) together constitute a system of eight 
independent equations in terms of eight branch variables. In 
theory, these eight equations are the equations of motion of the 
network. In practice, however, it is always desirable that we try 
to eliminate as many variables as possible from these equations, 
so that the resulting equations will be simpler to solve. We can 
usually eliminate immediately at least half of the unknowns by 
substituting the equations from the laws of elements in terms 
of the respective variables into the laws of interconnection. 
Hence, substituting Eq. (4-6) into Eq. (4-7), we obtain the fol- 
lowing four equations in four variables: 


Ry + Rois = & (4-8a) 
Roig = 50i41/3 (4-8b) 
is= —ih (4-8c) 


i (14 = i4) (4-8d) 
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We can usually reduce these equations further by an appropriate 
grouping of equations containing similar variables, thereby 
hoping that some of the variables can be solved in terms of the 
rest. From Eq. (4-8) we notice that the variable i3 is present 
only in Eq. 4-8c. Hence, Eqs. (4-8a), (6), and (d) may be 
grouped together. A closer look at these equations suggests that 
iz can be eliminated if we substitute Eq. (4-8d) into Egs. (4-8a) 
and (5); thus 


Ryiy + Roy — ig) = E (4-9a) 
Ro(ix — i4) = 50i41/3 (4-95) 


These equations contain only two variables; consequently, it is 
even easier to see if any further elimination is possible. An in- 
spection of these equations immediately suggests that we solve 
for i, in terms of i4; thus 


£3 Re ) ( E ) 

i= Cato Fae 4+ RULEERG (4-10) 
Substituting Eq. (4-10) for i; in Eq. (4-95) and rearranging the 
terms, we obtain, after some simplification, the relationship 


eyes er af (“*) (50is!/3) (4-11) 
Equation (4-11) contains only one variable i4. In some very 
special cases a further elimination may be possible, and the 
solution for i, found analytically. Unfortunately, it is safe to 
say that a complete analytical solution does not exist for most 
practical networks of interest. In fact, even for this simple net- 
work, Eq. (4-11) is just about as far as we can go. Other 
nonanalytical techniques must, therefore, be used to solve 
Eq. (4-11) for iz. The solution will be presented in Sec. 4-5. 
Once i4 is found, it can be substituted back into Eq. (4-10) to 
obtain the solution for i;. Substituting the values of i; and i4 
into Eqs. (4-8c) and (4-8d), we obtain the solutions for i3 and 
in. Finally, the respective voltages vi, ve, and vg can now 
be calculated from Eq. (4-6). 


. Consider next the more complicated network shown in Fig. 4-82. 
This type of network is used in many important automatic con- 
trolled applications. The elements consist of a 50-k® linear 
resistor R,, two identical monotonic resistors! Rz and Re 
characterized by v2 = i23 and ve = ig? (Fig. 4-85); two identical 
neon bulbs R3 and Rs with current-controlled v-i curves 
v3 = f(iz) and vs = f(is) (Fig. 4-8c); a tunnel diode with a 
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1A resistor is said to be 
monotonic if it is charac- 
terized by a strictly mono- 
tonically increasing v-i 
curve. 
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Fig. 4-8. A nonlinear bridge 
network containing both cur- 


rent-controlled and voltage- voltage-controlled v-i curve is = g(v4) (Fig. 4-8d); and two 
controlled resistors. independent sources. 
The equations of motion, as usual, must consist of two 
parts. 


Equations from the laws of elements 


Element 1: boy (4-12a) 
Element 2: Ve = 193 (4-125) 
Element 3: v3 = f (is) (4-12c) 


Element 4: ig = g(U4) (4-12d) 


Equations of motion 


Element 5: 0s = f(is) (4-12e) 
Element 6: Ve = ig? (4-12f) 
Element 7: U7 = 40 (4-122) 
Element 8: ig = 10 (4-12h) 


Equations from the laws of interconnection 


A comparison between the present network and that shown 
earlier in Fig. 4-2a shows that their network graphs are identical. 
Referring to this graph in Fig. 4-25, we found n = 5, b = 8, 
b — (n — 1) = 4,and (n — 1) = 4. Hence, applying the independ- 
ent KVL and KCL equation criteria, we know there are exactly 
four independent KVL equations and four independent KCL 
equations. To write these equations, we arbitrarily pick the tree 
T; consisting of branches 1, 2, 8, 6 (Fig. 4-3). The following 
equations corresponding to each fundamental loop and cut set 
(with respect to the tree 7) can be easily obtained by 
inspection: 


Fundamental loop KVL equations 
Branches 7, 6, 8, 2, 1 U7 — Ue — Ug — Us — 01 = 0) (4-132) 
Branches 3, 8, 2 U3 — Ug — Uz = 0 (4-135) 
Branches 4, 8 v4 + vg = O (4-13c) 
Branches 5, 8, 6 Us + Ug + Ug = 0 (4-13d) 
Fundamental cut set KCL equations 
Branches 1, 7 jp 2 in 0 (4-13e) 
Branches 2, 3, 7 iis (4-13f) 
Branches 8, 33 4, a 7 ig + ig —Ii4 — 15 + in = 0) (4-13¢) 
Branches 6, 5, 7 i thy 2 ep — 0 (4-13h) 


Equations (4-12) and (4-13) constitute a system of 16 inde- 
pendent equations in terms of 16 branch variables. As usual, 
we can immediately eliminate half of these variables by sub- 
stituting Eq. (4-12) into Eq. (4-13) and obtain the following 
eight independent equations in eight variables: 


A cia tg 12° — 501, = 0 (4-14a) 
flis) — vg — i23 = 0 (4-145) 
wet = 6 (4-14c) 
I (is) + vs + ig? = (4-14d) 


iz 4: iz = 0 (4-14e) 
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ip + ig + ip = 0 (4-14) 
10 + i3 — g(v4) — i5 + i7 =O (4-14) 
ig —i5 + i7 = 0 (4-14h) 


These equations can be further reduced by observing that Eqs. 
(4-14c), (e), (f), and (A) are linear equations and can be solved 
for 


Ug 04) 
7= -—h 
ig = —13 — 17 = —133 + 


ig = '5 — 17 = 15 + 


Substituting these equations for the corresponding variables in 
Eq. (4-14), we obtain 


Ae Ge ie eS Gl ye On 0 (4-15a) 
f(iz) + v4 — (1 — is) = 0 (4-15b) 
fs) 01 (re se =O (4-15c) 
10 bis oto — ed oe 0 (4-15d) 


We can simplify these equations further by solving for v4 from 
Eq. (4-155) and substituting it into Eqs. (4-15a), (c), and (d). 
After some simplification, we obtain the following three inde- 
pendent equations in the three variables i, is, and is: 


40 — (i4 + is)? — f (is) _ 5071 —\h) (4-16a) 
fis) — Gi — is)? + f(is) + Ga + i5)3 = 0 (4-16b) 
10+ t3p— ety ial — Fe a te (4-16c) 


The expression inside the brackets in Eq. (4-16c) is the argument 
of the function g(v). We would like to eliminate some more 
variables if possible, but again we seem to have reached the 
end of the “analytic” road. We shall, therefore, stop here 
and postpone until Sec. 4-5 a discussion of other avenues for 
solving these equations. 


Exercise 1: Obtain the equations of motion for the network shown in Fig. 4-7a by 
choosing a different tree consisting of branches 3 and 4. Simplify the equations 
to arrive at Eq. (4-11). 


Exercise 2: Find the equations of motion of the network shown in Fig. 4-7a but 
with the load resistor Re replaced by a vacuum diode (represented by a three-half 
power law iz = kv23/2). Simplify the equations as far as you can go. 


Equations of motion 


3-terminal 
resistor 


Exercise 3: Derive Eq. (4-16) of the network shown in Fig. 4-8a by choosing 
a different tree consisting of branches 1, 3, 6, 5. 


4-4-2. NETWORKS CONTAINING MULTITERMINAL 
RESISTORS AND CONTROLLED SOURCES 


When a resistive network contains n-terminal resistors (n > 2) or 
controlled sources or both, most of the topological results pre- 
sented in Sec. 4-3 are not applicable in their original forms. In 
many cases, these results can be extended under appropriate 
modifications. In general, however, these modifications are too 
complex to be of much practical value, and hence we shall not 
dwell upon this subject any longer.t Our techniques for proving 
the topological results in Sec. 4-3 are not completely useless, how- 
ever, for by applying the same principles, it is usually possible to 
arrive at an independent system of equations for most practical 
networks of interest. Perhaps a couple of examples will illustrate 
the general procedure. In order not to get ourselves bogged down 
in the graphical details normally required with any practical de- 
vice, we have chosen hypothetical devices for the following 
examples. 


EXAMPLES 


1. Consider the network shown in Fig. 4-9. The two resistors Rs 
and R, are assumed to be characterized by i3 = 3 + v33 — e~%s 
and ig = 1 + v42 — 2v42 + 5v47, respectively. The three-terminal 
resistor is characterized by iy = 1 + v1 + 3v1i23 — 4i2° and 
Ve = 4 — igvy — 2i2?v15 + 013. The units of all voltages are in 
volts, and the units of all currents are in amperes. 

There is a total of 12 variables in this network, namely, 
Uy, Vg,..., Ue and 14, i2,..., ig. Hence, we must obtain 12 inde- 
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Fig. 4-9. A nonlinear network 
containing a hypothetical three- 
terminal resistor and two 2- 
terminal resistors. 


1Simple, practical criteria 

analogous to the inde- 
pendent KVL and KCL 
equation criteria would 
have been very useful. Un- 
fortunately, no such re- 
sults are presently avail- 
able, and it is doubtful that 
they can be found without 
greatly restricting the class 
of allowable networks. 
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pendent equations in order to solve for these variables. As 
usual, the equations consist of two parts: 


Equations from the laws of elements 
= 1+01+ 304123 — 42° (4-17a) 


Three-terminal resistor: 
vs = 4 — iov; — 2i2704° + v3 (4-175) 


Resistor Rs3: ig = 3 + v33 — e's (4-17c) 
Resistor R4: i= Ve = 62 50 Gi) 
Element 5: Us = 2 (4-17e) 
Element 6: ig = 5 (4-17f) 


We already know that the equations from the laws of ele- 
ments are always independent. Therefore, any dependency 
must come from the laws of interconnection. A review of the 
proofs of the various results in Sec. 4-3 shows that as long as 
each KVL or KCL equation is written such that it contains at 
least one new variable which did not appear in the previously 
written KVL or KCL equations, then no dependency can 
occur. In particular, if the network is planar, then the KVL 
equations around each mesh would certainly be independent 
because each new mesh must certainly pick up at least a new 
branch. As for KCL equations, a simple procedure consists of 
choosing cut sets so that each cut set contains at least one 
branch not included in the previous cut sets. For this example, 
the network is planar, and hence we shall simply write KVL 
equations around the three meshes formed by nodes a, b, h, i; 
nodes c, d, g, h; and nodes d, e, f, g. Similarly, the branches ter- 
minating at nodes a, b, and d constitute three independent cut 
sets. The respective equations are as follows. 


Equations from the laws of interconnection 


Independent loop formed by KVL equations 
Nodes a, b, h, i Us — Uy — 03 = 0 (4-18a) 
Nodes c, d, g, h Ve — V4 = 0 (4-185) 
Nodes d, e, f, g V4 + Vg = 0 (4-18c) 
Independent cut set formed by KCL equations 
Branches 3, 5 ig +15 = 0 (4-18d) 
Branches 1, 3 iy — ig = 0 (4-18e) 


Branches 2, 4, 6 ig + i4 — ig = 0 (4-18) 


Equations of motion 


Equations (4-17) and (4-18) constitute 12 independent equa- 
tions in 12 variables. As usual, we can immediately eliminate 
half of these variables by substituting Eq. (4-17) into Eq. (4-18); 
thus 


2 — v1 — v3 = 0 (4-19a) 
(4 — igvi — 2ig?v15 + 013) — v4 = 0 (4-19b) 
04 + v6'= 0 (4-19c) 
(3 + v3? — e~¥3) + is = 0 (4-19d) 
(1 + vy + 3v4i23 — 4i25) — 3 + 033 — es) = 0 (4-19e) 
tg + (1 + v4? — 2042 + 5u47) —-5 = 0 (4-19/) 


These equations can be further simplified by observing that we 
can solve v3, v4, Vg, and is in terms of the remaining variables; 
thus 


Eq. (4-19a) — v3 = (2 — 01) (4-20a) 
Eq. (4-19b) — vg = (4 — igvi — 2ie?v15 + 013) (4-20b) 
Eq. (4-19c) > vg = —v4 (4-20c) 
Eq. (4-19d) — is = —(3 + v33 — e~s) (4-20d) 


Substituting Eqs. (4-20a) to (d) into Eqs. (4-19e) and (/), we 
obtain, after some simplification,! 


Vy + 3v4ig? — 4i25 — (2 — 11)2 + ew ew) —2=0 (4-21a) 


Ig + (4 — ig0y — 2ig?vz > + V4) —_ 2(4 — Ig0y — 2ig?v14> + C1)" 
+ 5(4 — ig0y — 2ig?v4° + U43)" —4=0 (4-21d) 


These two equations cannot be further reduced and must be 
solved by other nonanalytic methods to be discussed in Sec. 4-5. 
Once the values of v1 and ig are found, the values of v3 and v4 
can be obtained from Eqs. (4-20a) and (6). Similarly, ve and is 
can be found from Eqs. (4-20c) and (d). The remaining vari- 
ables can be found from Eq. (4-17). 


. As a final example, let us consider a network with a controlled 
source, an ideal transformer, and a gyrator, in addition to two- 
terminal and three-terminal resistors, as shown in Fig. 4-10. 
For the sake of generality, we represent the three-terminal re- 
sistor by two functional equations i5 = gi(v5,Ve) and ig = 
2(Us,06). The two resistors Rz and Rg are represented by 
ig = 5v1/3 and v9 = ig — 3i9°, respectively. The terminal volt- 
age of the voltage source is assumed to be equal to 10 sin wof. 
As usual, the equations of motion consist of two parts. 
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1]t is important to observe 
that the equations of 
motion for nonlinear net- 
works containing non- 
monotonic elements will 
generally contain both cur- 
rent and voltage branch 
variables. 
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3 - terminal 
resistor 
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Fig. 4-10. A nonlinear network 


containing a controlled source, Equations from the laws of ha 
Aer transformer, and a Element ist Ci 10 sin wot (4-22a) 
Resistor 2: ig = Sv2!/3 (4-22b) 
ig = —2i4 (4-22c) 
Ideal transformer: li Loi (4-224) 
f owl. Ae i5 = g1(U5,V6) (4-22e) 
Three-terminal resistor: 6 = ‘$(vs,06) (4-22f) 
iz = 4vg (4-22g) 
Gyrator: e Se (4-22h) 
Resistor 9: Vg = Ig — 3ig? (4-227) 
Controlled source: ive = Sins (4-227) 


Equations from the laws of interconnection 


Independent loop formed by: KVL equations 
Nodes a, b, c, d Vy — Ve — v3 = O (4-23a) 
Nodes e, fi n V4 — Us = 0 (4-23b) 
Nodes g, h, n Ug — 07 = 0 (4-23c) 
Nodes j, k, /, m Ug — Vg = 0 (4-23d) 
Nodes e, p, g, h, n Vio + Ug — Us = 0 (4-23e) 

+To demonstrate that the Independent cut set formed by: KCL equations 
reference polarity or direc- Branches 1, 2 iy +ip = 0 (4-23f) 

tion can be arbitrarily B é ee, 

assigned, we define v; to Sen ; 1 ks is i _ v nee) 
have a polarity opposite ranches 4, 5, 10 la +i5 + lio =0 (4-23h) 
to the voltage source in Branches 6, 7, 10 ig: i7 — 119 = 0 (4-23i) 
Fig. 4-10. Accordingly, the Branches 8, 9 ig + ig = 0 (4-23/) 


law of this element must Branches 11. 4. 7 : . aol i 
be multiplied by —1. wi hitué+i7=0 (4-23k) 


Equations of motion 


It is easy to see that Eqs. (4-23a) to (e) and Eqs. (4-23f) to (k) 
are independent because each equation contains at least one 
variable which did not appear earlier. Therefore, Eqs. (4-22) 
and (4-23) together constitute a system of 21 independent 
equations in 21 variables. This odd number of equations arises 
because the current-controlled current source is controlled by 
a different variable i1; which did not previously appear in the 
element variables. Corresponding to the 10 equations in Eq. 
(4-22), we can eliminate 10 variables by substituting these 
equations into Eq. (4-23) to obtain 


—10 sin wot — ve — v3 = 0 (4-24a) 
203 — U5 = 0 (4-24b) 
peaae c= 2 (4-24c) 
Vg — (ig — 3i9°) = 0 (4-24d) 
Vio + Ue — Us = 0 (4-24e) 
ix + (Sv2!/3) = 0 (4-24f) 
Su2'/3 — (—2i4) = 0 (4-24g) 
ig + 1(U5,V6) + (3i11) = 0 (4-24h) 
82(U5,U6) + (40s) — (3i11) = 9 (4-247) 
(—407) + is = 0 (4-24/) 
i141 + ig + 4vg = 0 (4-24k) 


These equations can be further simplified by solving for a com- 
mon set of variables in terms of those that are hard to solve. 
Hence, we obtain from Eq. (4-24) the following relationships: 


Eq. (4-246) > v3 = v5 (4-25a) 
Eq. (4-24c) > v7 = v6 (4-255) 
Eq. (4-24e) > vio = Us — Ve (4-25c) 
Eq. (4-24f) > i, = —Su2¥3 (4-254) 
Eq. (4-24g) > ig = —%v2'/3 (4-25e) 
Eq. (4-24j) > ig = 4v7 = 4v6 (4-25f) 
Eq. (4-24d) — vg = ig — 3i95 = 46 — 3(4v6)? (4-252) 
; ; 
Eq. (4-24k) > i11 = —ig — 40g = 2021/9 — A[4ug — duiveres 


Observe that only three variables appear on the right sides of 
Egs. (4-25a) to (h), namely, ve, Us, and Ug. Substituting these 
variables into the remaining equations in Eq. (4-24), we obtain 
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Eg. (4-24a) > v2 = —10 sin wot — 205 (4-26a) 


Eq. (4-24h) > —%Ave!/3 + gi(Us,06) 
+ 1551/3 — 12[4vg — 3(4v6)5] = 0 (4-26) 


Eg. (4-247) > go(vs,v6) + 4[4v6 — 3(4v6)°] — '%021/3 
+ 12[4vg — 3(4v6)®] = 0 (4-26c) 


These equations can be simplified further by substituting Eq. 
(4-26a) for ve in Eqs. (4-26b) and (c), and rearranging the 
terms; thus 


5[—10 sin wot — us}!/3 + g1(vs,06) — 12[4v6 — 3(4v6)°] = 0 
(4-272) 


22(U5,V6) + 16[4vg — 3(4v¢6)®] — !%4(—10 sin wot — %v5)!/3 = 0 
(4-27b) 
This is as far as we can go. The solutions to these equations, of 
course, depend on the functional equations gi(Us,v¢6) and 
22(U5,V6) Of the three-terminal resistor. In general, Eqs. (4-27a) 
and (b) are highly nonlinear, and can only be found by the 
nonanalytic methods to be discussed in the next section. How- 
ever, we realize that the readers must be itching by now for a 
complete solution in order to obtain a feeling of what it looks 
like. It seems appropriate, therefore, that we contrive a special 
case so that we may continue along the analytic road to home. 
Hence, let the three-terminal resistor be characterized by 


Is = $1(U5,V6) = S(— 20s)¥/9 + 12[4v6 — 3(4v6)?] (4-284) 

ig = Z2(U5,V6) = —!A[2vg + Yus]!/3 — 16[4vg — 3(4v6)°] 
(4-28b) 

Substituting Eq. (4-28a) for g1(v5,v6) in Eq. (4-27a), we obtain, 

upon some simplification, the solution 

U5(t) = —10 sin wot (4-29a) 


Similarly, substituting Eq. (4-285) for go(vs,vg) in Eq. (4-275), 
we obtain 


Ue(t) = 5 sin wot (4-295) 
Substituting Eq. (4-29a) for vs in Eq. (4-26a), we obtain 
v(t) = —5 sin wot (4-29c) 


Upon substituting the solutions v2(f), vs(4), and v¢(t) into Eqs. 
(4-25) and (4-22), the solutions for the remaining variables are 
trivially obtained. It is important to observe that the solutions 
of this network are all functions of time because of the pres- 
ence of the ac voltage source. 


Equations of motion 


Exercise 1: Derive Eq. (4-21) of the network shown in Fig. 4-9 by using the fol- 
lowing loops and cut sets: (a) loops formed by nodes a, b, h, i; nodes ¢, d, e, f, g, 
h; and nodes d, e, f, g; (b) cut sets formed by branches 2, 4, 6; branches 5, 4, 6, 
and the common terminal of the three-terminal resistor; branches 1, 2, and the 
common terminal of the three-terminal resistor. 


Exercise 2: (a) Find the solutions of the remaining variables of the network 
shown in Fig. 4-10 in terms of the solutions given by Eqs. (4-29a), (5), and (c). 
(b) Under what situations are the solutions of a resistive network independent of 
time? 


4-5 PRACTICAL METHODS FOR SOLVING 
NONLINEAR FUNCTIONAL EQUATIONS 


The equations of motion of any resistive nonlinear network always 
assume the form of a system of nonlinear functional equations. By 
applying standard elimination and substitution techniques, these 
equations can always be reduced to a smaller number of equations 
in terms of an equal number of variables. However, the examples 
in the preceding section clearly demonstrated the fact that there 
comes a point where no further simplification by these analytical 
techniques is possible. 

Three nonanalytical methods are available for solving these 
equations, namely, numerical, graphical, and piecewise-linear. A 
common feature of these methods is that although conceptually 
quite simple, they are rather tedious to implement manually 
because a large number of repetitive calculations or graphical 
operations is generally required. However, because of their 
iterative nature, these methods are ideally suited for a digital 
computer. In fact, any calculation or operation which can be de- 
scribed by a step-by-step procedure (in the order of its occurrence) 
can be carried out by a computer. This step-by-step procedure is 
analogous to a “recipe” and is called an algorithm. Since this book 
does not assume any programming experience on the part of the 
readers, only algorithms associated with the various methods 
of analysis are emphasized. Accordingly, most of the examples 
and problems presented in this book were chosen to be simple 
enough so that they can be solved without a computer. However, 
the reader is strongly urged to learn how to write programs for 
implementing a given algorithm. Not only will he find this back- 
ground to be invaluable, he will also be in a position to solve more 
realistic and complex problems. 

An in-depth treatment of numerical methods would require 
some mathematical backgrounds beyond those assumed in this 
book. On the other hand, the remaining two methods, graphical 
and piecewise-linear, can be easily understood without any mathe- 
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1The graphical method is 
discussed in detail in Chap. 
6, and the piecewise-linear 
method in Chap. 12. 
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matical background beyond calculus. These two methods also give 
more insight into the actual operation of the circuits. Accordingly, 
a considerable portion of this book is devoted to an in-depth treat- 
ment of these methods.1 In order to appreciate the power of 
numerical techniques, however, let us now turn to a study of some 
of the more basic concepts in numerical analysis. 


4-5-1 THE FIXED-POINT CONCEPT 


Perhaps the best way to introduce the powerful concept of a 
fixed point is through an example. Consider first the simplest case 
of one equation in one unknown, such as Eq. (4-11). Since any 
numerical method involves the operation of actual numbers, not 
symbols, let us arbitrarily choose Ri = Ro = 50 kQ and E = 200 
volts in Eq. (4-11) and obtain 


14 =4_— 2i4l/3 (4-30) 


where i, is the current in milliamperes. To avoid writing down the 
subscript, let us choose the symbol X in place of 74 and rewrite 
Eq. (4-30) as 


X = F(X) (4-31) 
where 
F(X) = 4 — 2x3 (4-32) 


Our object is to find a number X¥ = X* which reduces Eq. (4-31) 
to an identity. Suppose we start by making an arbitrary initial 
guess X = Xo. In most likelihood, our guess is apt to be wrong in 
the sense that if we let F(Xo) = X41, then Xo + X4. If we were to 
make other guesses arbitrarily, chances are that we would never 
hit at the right value, unless we can find an algorithm which 
guarantees that each successive guess would be closer to the 
correct value of X*. 

It turns out that under appropriate conditions, the value 
X; = F(Xo) is a better guess than Xo in the sense that the error is 
smaller; namely, |X* — Xy| < |X* — Xo]. This observation imme- 
diately suggests that if we make Xj our next guess, then X2 = F(X,) 
would be an even better guess than X}. If we keep repeating this 
procedure, we would eventually arrive at the correct value of X*. 


Equations of motion 


sa ce ey ce 
0 Kee Cee ee X, a x. 


Our algorithm consists, therefore, of the following steps: 


Make an arbitrary initial guess X = Xo 
Calculate F(X) and call it X; 
Calculate F(X,) and call it X2 
Calculate F(X2) and call it X3 


Calculate F(X,,) and call it X41 


Stop whenever the difference between X,,, and X, becomes 
insignificant 


This algorithm can be described compactly by the iteration formula 
TG ar) RAMS n (4-33) 


If we interpret the value of X, to be a point on the X axis, as 
shown in Fig. 4-11, then the algorithm above is equivalent to 
moving a point X,, into the next point X,,41. If the distance between 
each successive points decreases rapidly enough, then it is clear 
that eventually we would converge at a point X* such that each 
subsequent movement will be onto itself. In view of this interpreta- 
tion, the point X* is called a fixed point of the function F(X). 
Accordingly, the above algorithm is called the fixed-point algorithm. 
This algorithm is of such fundamental importance that we shall 
summarize it as follows. 


FIXED-POINT ALGORITHM 


The solution of any equation written in the form X = F(X) is 
equal to the fixed point of the function F(X). Under appropriate 
conditions, the algorithm defined by Eq. (4-33) converges to 
the desired fixed point.t 


Let us now apply the fixed-point algorithm to find the solu- 
tion of Eq. (4-30); i.e., let us find the fixed point of Eq. (4-32). It 
should be clear that this task is ideally suited for a computer.? The 
results of carrying out this algorithm, either by hand or by a com- 
puter, corresponding to three different initial guesses are shown in 
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Fig. 4-11. If we interpret that 
each point X, is being moved 
into the next point X,41, then 
the solution X* corresponds to 
the point which is being moved 
into itself; namely, it is a fixed 
point. 


1Jt can be proved that a 
sufficient, but not neces- 
sary, condition to guaran- 
tee convergence is that the 
magnitude of the slope of 
F(X) be less than unity; 
ean CX) | <a storwall 
values of X. 


2Anyone with a little 
programming experience 
should be able to write a 
program to carry out the 
fixed-point iteration. For 
those who do not know 
programming, this is an 
excellent example and an 
excellent time to start. 
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TABLE 4-1 The computer-printed output of the results of 
the fixed-point iteration of the equation F(X) = 4 — 2X13, 


x F(X) x F(X) Xx F(X) 
27.0000 =2.0000 10.0000 -0. 3089 -8.0000 8.0000 
-2.0000 6.5198 -0.3089 5.3519 8.0000 0.0000 

6.5198 0.2637 5 23519 0.5016 0.0000 3.9938 
0.2637 DST ees 0.5016 24109 3.9938 0.8268 
Dai US 1.2090 224109 1.3182 0.8268 2al228 
1.2090 1.8694 1.3182 1.8071 ZalZ28 1.24296 
1.8694 1.5363 1.8071 1.5639 1.4296 1.7470 
1.5363 1.6923 1.5639 1.6785 1.7470 1.5913 
1.6923 1.6167 1.6785 1.6231 1.5913 1.6651 
1.6167 1.6527 1.6231 1.6496 1.6651 1.6295 
1.6527 1.6354 1.6496 1.6369 1.6295 1.6465 
1.6354 1.6437 1.6369 1.6430 1.6465 1.6383 
Gao 1.6397 1-6430 1.6400 hl. 6503 64a 
1.6397 1.6416 1.6400 1.6414 1.6422 1.6404 
1.6416 1.6407 1.6414 1.6408 126404 1.6413 
1.6407 1.6411 1.6408 1.6411 1.6413 1.6408 
1.64i1 1.6409 1.6411 1.6409 1.6408 1.6410 
1.6409 1.6410 1.6409 1.6410 1.6410 1.6409 
1.5410 1.6410 1.6410 1.6410 ws 64 09 oO 4 Om 
1.6410 1.6410 1.6410 1.6410 1.6410 1.6410 


Fig. 4-12. A geometrical inter- 
pretation of the fixed-point 


algorithm. 


Table 4-1. A total of 20 iterations are listed, corresponding to the 
initial guess Xo = 27 (columns | and 2), Xo = 10 (columns 3 and 
4), and Xo = —8 (columns 5 and 6), respectively. Notice that in 
each case, the iteration converges to the value X = 1.6410. Hence, 
the fixed point of F(X) is equal to 1.6410. It is instructive to com- 
pare the values of X, in Table 4-1 corresponding to each initial 
guess. Observe that a closer initial guess would require a fewer 
number of iterations. 


Equations of motion 


The fixed-point algorithm has a simple geometrical inter- 
pretation. If we plot the curve Y = F(X) as shown in Fig. 4-12 
(corresponding to our present example), then the fixed point 
of F(X) is simply the intersection between this curve and the 45° 
straight line through the origin. Since the ordinate (Y) and 
abscissa (X) of each point on this line are, equal, the fixed-point 
algorithm is equivalent to the geometrical constructions shown in 
Fig. 4-12 (shown for the case Xo = 10). Hence, through X = 10, a 
vertical line is dropped until it intersects the curve F(X) at point 
a. If we project a horizontal line through a until it intersects the 
45° line at point b, the abscissa (X = —0.30) at b gives the next 
value X;. We can repeat the procedure by drawing a vertical line 
through b until it intersects F(X) at point c. Projecting a horizon- 
tal line through c until it intersects the 45° line at point d, we 
obtain the value of Xz. Hence, this construction technique can be 
repeated a sufficient number of times until the points of intersection 
converge toward the fixed point. 

The reader should verify that for this example, the above 
geometrical construction always converges to the desired fixed 
point, regardless of where we start. Unfortunately, we cannot 
guarantee that this behavior is true for all cases. As a matter 
of fact, there are two problems that one may encounter. The first 
problem is best seen from Fig. 4-13a. Observe that no matter where 
we start, the iteration diverges. The second problem occurs when- 
ever the curve F(X) has more than one point of intersection with 
the 45° line, as shown in Fig. 4-130. In this case, it is clear that if 
the value of our initial guess Xo is less than Xz, the iteration will 
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Fig. 4-13. Depending on the 
nature of the curve F(X), the 
fixed-point iteration (a) may 
not converge or (b) it may con- 
verge to only one of several 
possible fixed points. 
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+ Resistive networks with 
multivalued solutions are 
commonly encountered in 
the process of analyzing 
switching networks. This 
subject will be discussed 
in detail in Chaps. 14 and 
15. 
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converge to point A. Otherwise, it will converge to point C. Since 
it is not possible to converge to point B, this fixed point is said to 
be unstable. This example demonstrates a fundamental limitation 
of all numerical techniques; namely, the procedures cannot ac- 
count for all solutions. Fortunately, we have two other methods 
which are independent of the number of solutions, namely, the 
graphical method (Chap. 6) and the piecewise-linear method 
(Chap. 12).+ 

To apply the fixed-point iteration technique, the equation 
must be of the form X = F(X). In most problems, the equation is 
usually of the form 


G(X) = 0 (4-34) 


It is always possible, however, to recast Eq. (4-34) into the proper 
form, namely, 


GSE CROCE (4-35) 


In this case, F(X) = X — G(X). If the fixed-point iteration for 
F(X) converges to a value X*, then X = X* must be a solution of 
Eq. (4-34). If the iteration diverges, we can often correct the situa- 
tion by multiplying G(X) in Eq. (4-35) by an appropriate function 
K(X), namely, 


X = X — K(X)G(X) (4-36) 


Observe that if X* is a solution of Eq. (4-34), then G(X*) = 0 and 
Eq. (4-36) reduces to an identity. Hence, any solution of Eq. (4-34) 
is also a solution of Eq. (4-36). Conversely, suppose X* is a fixed 
point of the function 


F(X) = X — K(X)G(X) (4-37) 
then X* = X* — K(X*)G(X*), or 
K(X*)G(X*) = 0 


If K(X*) 0, then we must have G(X*) = 0. Hence, any fixed 
point X* of Eq. (4-37) for which K(X*) ~ 0 is also a solution of 
Eq. (4-34). This observation will allow us to choose suitable func- 
tions for K(X) so that the fixed-point iteration converges. One 
such function is given in the next section. 
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Exercise 1: The equations of motion of a certain gamma-ray detection cir- 
cuit have been reduced to 


2 
(oe 2 (2) 
- 4 
(a) Use the fixed-point algorithm to find the solution corresponding to the initial 
guesses v = —4, 8, 12, and 16. (d) Verify the solutions obtained in (a) graphically. 


(c) Draw the construction lines corresponding to each fixed-point iteration step 
in (a). Do this for all four initial guesses. 


Exercise 2: In order to study the effect of the function K(X) in Eq. (4-37) on the 
convergence of the fixed-point iteration, consider the equation G(X) =2X —4=0. 
(a) With K(X) = 1, perform the fixed-point iteration corresponding to the initial 
guess Xo = 6. Does the iteration converge? (b) Repeat (a) with K(X) = %. 


Exercise 3: (a) Demonstrate geometrically that if the magnitude of the slope of 
F(X) is less than unity for all values of X, then the fixed-point iteration is 
guaranteed to converge, regardless of the initial guess. (6) Show by a counter- 
example that the condition in (a) is not a necessary condition. 


4-5-2. THE NEWTON-RAPHSON METHOD 


We have demonstrated that the solutions of the nonlinear equation 
G(X) = 0 can be obtained by finding the fixed points of the asso- 
ciated function F(X) = X — K(X)G(X). The function K(X) (which 
does not vanish at the fixed points) is introduced to improve the 
rate of convergence. Among the many possible functions, the 
most common choice for K(X) is the reciprocal of the derivative 
of G(X), namely, K(X) = [G’(X)]-!. In this case, Eqs. (4-37) and 
(4-33) become 


Slope = G’(X,,) 


Xx | 


n 
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Fig. 4-14. Geometrical inter- 
pretation of the Newton- 
Raphson method and its con- 
vergence behavior. 
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1Furthermore, it can be 
shown that the Newton- 
Raphson method con- 
verges faster than any 
other method of iteration. 


2Since we did not know 
how fast the iteration 
would converge, we chose 
the same number of itera- 
tions (20) as before. Actu- 
ally, it is quite easy to 
write a computer program 
to perform the above 
iterations under the addi- 
tional instruction that the 
iteration be terminated 
as soon as the difference 
between two iterations re- 
duces below a certain 
prescribed value. 
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XY) =e Geo) *6C)) (4-38) 
and 
Xn Xm — (FOC, (GC) (4-39) 


The iteration method based on this fixed-point iteration formula 
is called the Newton-Raphson method. Equation (4-39) can be 
given a simple geometrical interpretation as shown in Fig. 4-14a. 
Corresponding to each value X = X;, we draw a vertical line until 
it intersects the curve Y = G(X). From this point of intersection, 
we draw a tangent line until it intersects the X axis. The value of 
X at this point gives the next value X,,1. It is important to realize 
that the curve in Fig. 4-14a is G(X) and not F(X). Accordingly, the 
geometrical construction of the Newton-Raphson method is dif- 
ferent from the fixed-point constructions presented earlier. The 
rate of convergence of the Newton-Raphson method also depends 
on the nature of the curve G(X). In Fig. 4-145, the convergence is 
very rapid; however, in Fig. 4-14c the iteration diverges. Observe 
that if the initial guess is near the correct solution X*, then 
the Newton-Raphson method always converges. Therefore, if the 
iteration corresponding to a certain initial guess diverges, we can 
always choose some other guess until it converges. This is one 
property that makes the Newton-Raphson method a favorite 
choice.! 

Let us apply the Newton-Raphson method to solve Eq. (4-30). 
This equation can be recast into the standard form 


G(X) = X + 2X13 — 4 (4-40) 
The derivative of G(X) is given by 
G(X) = 1 + 4X23 
Equation (4-39) can now be written as 
Ay Xn + 2Xp1/3 — 4 
Nera Aa - (te) ; 
+1 ( ) n 1 +4%Xq72/3 (4 41) 


For comparison purposes, we chose the same initial guesses as be- 
fore, namely, Xo = 27, 10, and —8. The results corresponding to 
20 iterations are given in Table 4-2.2 A comparison between the 
corresponding entries in Tables 4-1 and 4-2 shows that the Newton- 
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Raphson method converges much faster than the earlier iteration 
method [with K(X) = 1]. 


Exercise 1: (a) Repeat Exercise 1 of Sec. 4-5-1 by the Newton-Raphson method. 
(b) Compare the rates of convergence of the two methods. 


Exercise 2: (a) Repeat Exercise 2 of Sec. 4-5-1 by the Newton-Raphson method. 
(b) Compare the rates of convergence of the two methods. 


4-5-3. EQUATIONS WITH MANY UNKNOWNS 


The beauty of the fixed-point method lies in the fact that it can be 
easily generalized to solve a system of n nonlinear equations in n 
unknowns. To economize on notation, it suffices to consider the 
case of two equations in two unknowns; thus 


eS FOCY} 


(4-42) 
Y = F,(X,Y) 


The fixed point of Eq. (4-42) is any point (X*, Y*) which reduces 
the equations to an identity. By an analogous procedure, we can 
define the following iteration formula 


Nie Fal Aad i) 


(4-43) 
Yui = F(Xn, Yn) 
TABLE 4-2 The computer-printed output of the results 
of the Newton-Raphson iteration for G(X) = X + 2X3 — 4. 
x i) | x F (x) x = sane 
2000 -8.0000 5 
imcas BnaoDe 10-0000 0.9858 11.2000 0.8973 
0.000% 0.0297 029858 12-5977 0.8973 1.5810 
0.0297 0.4511 1¢5977 126409 1.5810 1.6407 
0.4511 1.3956 166409 1.6410 1.6407 1.6410 
Vs3956 1.6364 __ 166410 1.6410 1.6410 1.6410 
1.6364 1.6410 126410 126410 1.6410 1.6410 
1.6410 1.6410 106410 126410 1.6410 1.6410 
1.6410 1.6410 166410 12-6410 1.6410 1.6410 
1.6410 1.6410 106410 1.64)0 1.6410 tone 
1.6410 1.6410 16410 1-2-6419 1.6410 eee 
1.6410 1.6410 1 e4410 126410 1.6410 1 6oi8 
1.6410 1.6410 126410 126419 1.6410 ee 
1.6410 1.6410 106410 1.26410 1.6410 Le 
1.6410 1.6410 126410 124410 1.6410 pn eole 
1.6410 1.6410 126410 166419 eee: a ae 
1.6410 1.6410 16410 126410 1.64 aeae 
1.6410 1.6410 LeA410 126410 1.6410 aa 
1.6410 1.6410 16410 126410 eee pee 
1.6410 1.6410 104410 126419 1.6 


104410 1.6410 
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Under appropriate conditions, the above iteration will converge to 
a fixed point of Eq. (4-42). In a similar manner, we can extend the 
Newton-Raphson method to the case of many unknowns. Since it 
involves some background in matrix analysis, we shall leave the 
details of this method to a more advanced course in numerical 
techniques. 


Exercise 1: Consider the following system of two equations: 

X= 13 

Y = x13 

(a) Starting with the initial guess (Xo, Yo) = (8,27), apply Eq. (4-43) to find the 
fixed points of these equations. (b) Repeat (a) with (Xo, Yo) = (—27,—8). (c) Find 
the solutions analytically and discuss the general behavior of the above iteration 
method. 


Exercise 2: Specify the iteration formula for finding the solution of a system of 
n equations with n unknowns Xq, Xp, ..., Xn- 


Exercise 3: Transform the equations 
Gy(X,Y) = 0) 
GX,Y) = 0 


into an equivalent fixed-point form similar to Eq. (4-37). Generalize this to a sys- 
tem of n equations in n unknowns. 


4-6 EQUATIONS OF MOTION FOR DYNAMIC NETWORKS 


By definition, a dynamic network must contain at least one capac- 
itor or one inductor. Hence we expect the equations of motion of 
any dynamic network to contain at least one differential equation. 
Other than this difference, the procedure for writing the equations 
of motion of dynamic networks is similar to that of resistive net- 
works. In fact, the equations obtained from the laws of intercon- 
nection would be identical to the equations obtained for a resistive 
network having an identical network graph. They will be a set of 
linear algebraic equations. This means that any differential term 
in the equations of motion must come from the laws of the 
elements. 


EXAMPLE 


Suppose it is desired to write the equations of motion of the 
dynamic network shown in Fig. 4-15. The capacitor is nonlinear 
and is characterized by a v-g curve which can be represented 
mathematically by g = 2 — 3v3 + 5v5. The inductor is also non- 
linear and is characterized by an i-p curve which can be rep- 
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3-terminal 
resistor 


i(t)=5 cos Wy t 


resented mathematically by mp = 1 + 2i — 3i2 + i3. The three- 
terminal resistor is characterized by two sets of curves which can 
be described mathematically by i; = 1 + v1 + 3v4ig3 — 4ig5 and 
Ve = 4 — gv, — 2i2?v1> + v13. Element 5 is a 2-volt battery, and Ele- 
ment 6 is a current source with terminal current i(f) equal to 
5 cos wot. The units of the voltages, currents, charges, and flux 
linkages are assumed to be in volts, amperes, coulombs, and 
webers, respectively. 

For comparison purposes, the topology of this network is 
chosen to be identical with that of the resistive network shown in 
Fig. 4-9. Therefore, the equations from the laws of interconnection 
are given by Eqs. (4-18a) to (4-18/). To obtain the equations from 
the laws of elements of a dynamic network, we must realize that 
each capacitor introduces an additional variable, its charge gq. 
Similarly, each inductor introduces an additional variable, its flux 
linkage py. The laws of elements for each capacitor must consist of 
two independent equations, an equation representing the v-g 
curve and an equation relating the charge and current variables, 
namely, i = dgq/dt. Similarly, the two equations associated with 
each inductor consist of an equation representing the i-p curve 
and an equation relating the flux linkage and voltage variables, 
namely, v = dp/dt. 


Equations from the laws of elements 
iy = 1 + vy + 304i23 — Gin (4-44a) 


-terminal resistor: 
Three-terminal re Pe Am Foe ioe b.015) (4-445) 


93 = 2 — 3v33 + Sv3° (4-44c) 


Capacitor:  — 443 _ 43 Ws _ (_ogy,2 4. 25094 es 
pee Be = (980 + 25059) 
(4-44d) 
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Fig. 4-15. A typical dynamic 
nonlinear network. 


190 


Foundations of nonlinear network theory 


on— 1 + 24, — 3i? +18 (4-44e) 
Inductor: dopa dps dis : dia 
= —— = —-— —=(2-—6 3i42) — 
ama Wad VAN iti vedas sued 
(4-44/) 
Element 5: 0s 12 (4-442) 
Element 6: ig = —5 COS wot (4-44h) 


These equations together with the six equations from the laws of 
interconnection (Eq. 4-18) constitute a system of 14 equations in 
the 14 variables; namely, v1, V2,..., U6, i1, l2,..., i6, 3, and a. 
Just as in the resistive case, we can immediately eliminate at least 
half of the variables by substituting the expressions in Eq. (4-44) 
in place of the corresponding variables in Eq. (4-18); thus 


2 ule UateohO) (4-45) 

(4 — igvy — 2i2?v1> + 013) — (2 — 6i4 + 374?) a —0 (4-45b) 

(2 — 6i4 + 3i4?) as + ug = 0 (4-45c) 
dv3 5 

(—9v32 + 25v34) a +i5 =0 (4-45) 

(1 + vy + 3vy4i23 — 4i25) — (—9v32 + 25034) “ —0 (4-45e) 

ip 14-1 1COS Got =O (4-45f) 


The above represents a system of six independent functional- 
differential equations; some are algebraic equations, and some are 
differential equations. Since no general mathematical methods 
exist for solving this class of equations, we must reduce them into 
a form which can be handled by existing techniques. The first step 
is to eliminate the functional equations in order to obtain a system 
of differential equations; that is, each equation must contain 
at least one derivative term. This can be done by solving for 
v1 from Eq. (4-45a) and iz from Eq. (4-45/); thus 


C= a U3 (4-46a) 
ig = —5 COS wot — i4 (4-46b) 


Substituting these in place of v; and ig in the remaining equations, 
we obtain 


[4 — (—5 cos wot — i4)(2 — v3) — 2(—5 cos wot — i4)2(2 — 3)5 
LOL ooo 3ig2) St Ma 275) 
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thes: vad dig 
(2 — Gig + 3:4?) —* + vg = 0 (4-47b) 


ae) 
(—9v32 + 2534) == 1S ey (4-47c) 


[1 + (2 — v3) + 3(2 — 3)(—5 cos wot — is)? — 4(—5 cos wot — i4)5] 
woe 25094) 8 =0 (4-47d) 


The above represent four independent differential equations in the 
four unknowns v3, Ue, i4, and is. For this particular example, we 
observe that only the variables i, and v3 appear in Eqs. (4-47a) 
and (d).1 Therefore, these two equations can be solved independ- 
ently of the remaining equations. Assuming, for the time being, 
that the solutions are given by v3 = f(t) and i, = f4(d), then the 
solutions for vg and 7; can be found from Eqs. (4-475) and (c) by 
direct substitution; thus 


val) = — (2 — Gilt) + 31 fe) LO (4-484) 
is) = —{-—A POP + 25 fAO!} x0) (4-48b) 


Therefore, the crucial step consists of solving for v3 and i4 from 
Eqs. (4-47a) and (d). To do this, let us rewrite these equations in 
the form 


4 — (—5 cos wot — i4)(2 — 03) 


dlitar: 2:— 6i4 + 3i42 
(4-492) 
1 + (2 — v3) + 3(2 — u3)(—5 cos wot — 4)? 
oe | en!) saeheorae ania armibeleste GeCRe toe 
aint —9v32 + 25v34 
(4-49b) 


Upon examination of these equations we can make three important 
observations: (1) the term on the left-hand side of each equation 
is a first-order time derivative of a branch variable; (2) no time de- 
rivative terms appear on the right-hand side; (3) each dependent 
variable on the right-hand side appears also on the left-hand side 
of one of these equations. Any system of equations which satisfies 
these three properties is said to be in the normal form, and the in- 
dependent variables in the equations are called state variables. The 
reason for reducing the equations of motion to the normal form 
lies in the fact that almost all techniques available for solving non- 
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1Jn the more general case, 
the variables may appear 
in all equations. 
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1A general discussion of 
this topic is beyond the 
scope of this book. For a 
rigorous treatment, the 
reader is referred to the 
book by F. F. Kuo and 
W. G. Magnuson, Jr., 
“Computer Oriented Cir- 
cuit Design,” Prentice-Hall 
Inc., Englewood Cliffs, 
N.J., 1969. 
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linear differential equations have been enunciated in terms of the 
normal form. The techniques for solving this class of equations 
are discussed in Sec. 4-7. Accordingly, Eq. (4-49) will be solved in 
that section. 


4-6-1 SELECTION OF STATE VARIABLES 
OF NORMAL-FORM EQUATIONS 


Since the most crucial step in the analysis of dynamic nonlinear 
networks is the reduction of the equations of motion into the nor- 
mal form, let us study this topic in more detail.t By definition, the 
following system of first-order differential equations 


d. 
2 = fi(X1,%2, DrO.C Xnst) 

dxe 
——— = 5 Ce} nol 

om Peake,» Xml) (4-50) 
aX 

i = fl X15 ogo eed) 


is said to be in the normal form because (1) only first-order time 
derivatives of the state variables x1, X2,..., Xn appear on the left- 
hand side; (2) no time derivative terms appear on the right-hand 
side; and (3) the dependent variables coincide with the state 
variables that appear on the left-hand side. It is not always easy to 
reduce a system of functional-differential equations into the normal 
form. The basic problem lies in the choice of an appropriate set of 
state variables. To demonstrate the difficulty involved, let us 
examine Eq. (4-44d) more closely. Observe that to express 3 
in terms of v3, it is necessary to calculate dg3/dv3. No problem was 
encountered earlier because the capacitor v-q curve is voltage- 
controlled, and, hence, the derivative can be easily obtained. 
However, suppose the given v-g curve happens to be charge-con- 
trolled, say 


U3 q3° _— q3 (4-51) 
In this case, it is necessary that we express q3 in terms of v3 before 


dq3/dv3 can be calculated. Unfortunately, this is not possible be- 
cause g3 is a multivalued function of v3. This is equivalent to 
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saying that the inverse function of Eq. (4-51) does not exist. 
In this case, the normal-form equations cannot be obtained, if we 
insist on v3 as the state variable. There is, of course, no reason 
why we should insist on choosing only voltages and currents 
as the state variables. Any other set of variables x1, x2,..., Xn iS 
Just as valid, provided (1) the resulting equations can be expressed 
in the normal form and (2) the voltage and current solutions can 
be calculated once x,(f), x2(f),..., Xn(t) are found. 

EXAMPLE 

Consider the same network shown in Fig. 4-15. This time, let the 
capacitor be characterized by a charge-controlled curve v = 
1 — 12g + g?. Let the inductor be characterized by a flux-con- 
trolled curve i = m — g?. All other elements remain unchanged. 
The reader should sketch these two curves and verify that their 
inverse functions do not exist. Therefore, we must rewrite Eq. 
(4-44) into the following form: 
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iy = 1 + vy + 3v4i22 — 425 = (4-52) 


Three-terminal resistor: ee ei CASO) 

bE i 12q3 + q3° (4-52c) 

Capacitor: ve dq3 (4-52) 
dt 

ig = 94 — a3 (4-52e) 

Inductor: fies dys (4-52f) 
dt 

Blement5:) +05 = 2 (4-522) 

Element 6: ig = —5 COS wot (4-52h) 


Substituting these expressions for the corresponding variables in 
the equations from the laws of interconnection [Eq. (4-18)], we 
obtain 


2 — 0, — (1 — 1293 + gs°) = 0 (4-53a) 
(4 — IgV, — 2i2204° + v1?) — oe = 0 (4-535) 
Ws + Ug = 0 (4-53c) 


dt 
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d : 

=o +i5 =0 (4-53d) 
el + 0x + 3Uyi23 — 4795) — os = 0 (4-53e) 
iz + (pa — ga?) + 5 COS Wot = 0 (4-53f) 


As usual, the first step is to reduce these functional-differential 
equations into a system of differential equations. This can be done 
by solving for v; in terms of q3 from Eq. (4-53a) and iz in terms 
of m4 from Eq. (4-53f); thus 
vb, = 1+ 1243 —_ q3° (4-54a) 
lg = —) COS Wot — a + a3 (4-546) 
Substituting these equations in place of v; and /y in the remaining 
equations, we obtain 
[4 — (—5 cos wot — pa + ya8)(1 + 1293 — gs5) 

— 2(—5 cos wot — Ya + p42)? + 1243 — q3°)° 


+ (1 + 1293 — 43°)3] — a =0 (455a) 


d 

TH + vg =0 (4-550) 
d 

=e seit 0 (4-55c) 


[1 + (+ 1293 — 3°) 
+ 3(1 + 1243 — qs8(—5 cos wot — ps + a5)8 


TAS tos ont en ee fs =0 (455d) 
Again, we observe that vg and is can be calculated from Eqs. 


(4-55) and (c), once m4 and gs are found. Our task, therefore, is to 
recast Eqs. (4-55a) and (d) into the normal form 


a ‘ 
7 = 4 — (—5 cos wot — ya + pa8)(1 + 1293 — 933) 


— 2(—5 cos wot — pa + o43)2(1 + 1293 — ga) 
+ (1 + 12q¢3 — q38)8 (4-56a) 
d ; 
Bn24+ 1243 —q3° + 3(1 + 12g3—qs°)(—5 cos wot—ga+43)8 
— 4(—5 cos wot — pa + gas) (4-56d) 


These equations can then be solved by the techniques to be 
described in Sec. 4-7. 
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4-6-2 AUTONOMOUS AND NONAUTONOMOUS NETWORKS 


The independent time variable ¢ normally appears in the right- 
hand side of the normal-form equations whenever the network 
contains one or more ac (time-varying) sources. For example, the 
variable ¢ appears in both Eqs. (4-49) and (4-56) in the form 
of 5 cos wot, the terminal current of the alternating current source. 
This type of normal-form equation is said to be nonautonomous, 
and its associated network is said to be a nonautonomous network. 

If a dynamic network does not contain any ac (time-varying) 
source, then the normal-form equations will not contain the 
variable ¢ on the right-hand side; that is, 


d. 
= = /il1,X2, vise Xn) 
d. 
= Sif ol Ga X oer 7%) 
(4-57) 
On 
= hah X 1p XD, &h-aens Mw) 


This type of equation is said to be an autonomous system of equa- 
tions, and its associated network is said to be an autonomous net- 
work. The reason for distinguishing between these two types 
of dynamic networks is that their methods of solution are generally 
quite different. 


Exercise 1: Identify which of the following equations are in the normal form, and 
classify each according to whether they are autonomous or nonautonomous. 


(a) Ft = ws + 2 sint = = —v,13 + v3? 
(db) o = 21, + v1? + ve se = i402 + 10v2 
(c) 41 oh = 2q1 + 92° St =ngt+ qn? 
@ = 4 = 0, sip 


Exercise 2: Show that any second-order differential equation of the form d2y/dt? = 
f(,4y/dt) can always be transformed into the normal form by defining x1 = y 
and x2 = dy/dt. 
Exercise 3: Find the normal-form equations of the network shown in Fig. 4-15 
but with the capacitor and the inductor characterized, respectively, by g = v — v3 
and i = gy? — ¢°. 
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Exercise 4: Show that by defining a set of n state variables x1 = y, x2 = dy/dt, 
. 22 Xn = A™1y/dt-1, any nth-order differential equation of the form d”y/dt” = 
fO. ay /dt; d2y/diz, 7. , d™1y/dit*) can be transformed to the normal form. 


4-7 PRACTICAL METHODS FOR SOLVING 
NONLINEAR DIFFERENTIAL EQUATIONS 


The analysis of dynamic nonlinear networks generally entails the 
solution of a system of nonlinear differential equations. This 
is usually a formidable task unless the equations are cast in 
the normal form. Accordingly, our discussion will be restricted to 
this class of differential equations. 

Four general types of methods are available for solving non- 
linear differential equations in the normal form, namely, numerical, 
graphical, piecewise-linear, and analog simulation methods. We have 
already seen an example of an analog simulation method in 
Chap. 3. As the name implies, this method involves the simulation 
of the equations by means of an analog computer. It is not a very 
general method for nonlinear systems, but it is useful for solving 
many practical problems. Since the analog method is normally 
taught as a separate course, we shall not discuss it any further. The 
piecewise-linear and the graphical methods are particularly useful 
for solving systems consisting of either one or two equations. The 
advantage of these methods is that they do not require much 
mathematical background. Accordingly, Chaps. 14 to 17 are de- 
voted to piecewise-linear methods, and Chaps. 18 and 19 are de- 
voted to graphical methods. The numerical methods are ideally 
suited for digital computers and are widely used in practice. Most 
of these methods require some background in differential equations 
and are therefore beyond the scope of this book. However, there 
is one numerical method which has a very simple geometrical 
interpretation, namely, the Euler algorithm. 


4-7-1 EULER ALGORITHM FOR ONE DIFFERENTIAL EQUATION 


Consider the simplest case of a nonlinear differential equation 
— = f(x,1) (4-58) 
A time function x = X(f) is said to be a solution of Eq. (4-58) if 


dX(t) _ 
= =f) 
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For example, if dx/dt = x, then x = ket is a solution of this dif- 
ferential equation for any value of k. In order to specify a numer- 
ical value for the arbitrary constant k, we must specify the initial 
condition x = Xo at t = to that must be satisfied by the solution. 
For example, if x9 = 10 at t% = 0, then 10 = ke° = k, and the 
solution is therefore given by x = 10e!. The above example is 
a rather simple one. In most nonlinear problems it is impossible to 
find an exact analytical solution; then we must resort to ap- 
proximate solutions. 

The simplest approximate method for finding the solution of 
Eq. (4-58) with an initial condition x(to) = xo is obtained by writ- 
ing Eq. (4-58) in the limiting form 


me NS 
lim — = 4-59 
ean At Ls) (4-59) 


If we restrict Ar to be a relatively small number but not zero, then 
Eq. (4-59) can be written approximately as 


Ax ~ hf (x,t) (4-60) 


where h = At is called the step size. Hence, if x(t) = xo at t = fo, 
then at t = to + A, 


Bey hf (Xo,to) 


The approximate value of x(t) at 44 =%o + h is, therefore, given 
by 


x(t1) = Xo + hf (Xo,to) — en 
We can obviously repeat this procedure to obtain 


X(f2) ZTxXi+ hf (x1,01) =H) 
X(t3) = x2 + Af (X2,t2) = x3 


X(tn) ~~ Xn-1 = Vif On—istn—1) =Xn 


where fp = 4, +h, t3 = te +h,..., tr = tnt + A. If the solution 
is desired over some time interval to < ¢ < T, then, corresponding 
to a chosen step size h, a total of n iterations is necessary, where n 
is chosen such that t, < T but t, + h > T. Hence, corresponding 
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Fig. 4-16. The geometrical in- 
terpretation of the Euler algo- 
rithm. 
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i+1 


to the initial condition x(to) = xo, the above algorithm can be 
summarized as follows: 


Xig1 = Xi + hf (%i,ti) 
ts Hoeh (4-61) 
0 ee ee 


This procedure is generally known as the Euler algorithm. A simple 
geometrical interpretation of this algorithm is shown in Fig. 4-16. 
Observe that the distance x;,1 — x; is equal to the product of the 
step size h and the slope dx/dt = f(x,t) at t = t;. The error of 
approximation 


C4 ae X(tis1) (4-62) 


is called the truncation error. Clearly, if the solution x(¢) is a rela- 
tively smooth curve, and if the step size h is relatively small, then 
the approximation will be quite reasonable. Of course, a small 
step size would require a large number of iterations n. In practice, 
the iteration is invariably done by a digital computer, as are most 
other numerical techniques. 

As a simple example, consider the differential equation 


a _ 2 
alts (4-63) 


and the initial condition 


x(0) = 0 (4-64) 
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Assuming h = 0.1 and n = 10, the Euler algorithm is given by 


OG Niet 0.1 + x;7) 
ee hes (4-65) 
ee), MED a a. 9 


The result of this iteration is tabulated on the first two columns of 
Table 4-3. The above example happens to have an exact analytical 
solution 


xe) = tan (4-66) 


For comparison purposes, Eq. (4-66) is calculated at the same 
time increments, and the result is tabulated in the third column. 
The truncation error ¢; corresponding to each time ¢; is shown on 
the last column. 


4-7-2. EULER ALGORITHM FOR TWO 
OR MORE DIFFERENTIAL EQUATIONS 


The same procedure can be extended to solve a system of n dif- 
ferential equations in the normal form. Since the algorithm is 
similar in all cases, we shall consider only a system of two differ- 
ential equations 


dx 


" (4-67) 
a = fo(x,y,1) 
TABLE 4-3 A comparison between the solution obtained numerically 
by the Euler algorithm and the exact solution x = tan t. 

TIME T SOLUTION BY EXACT SOLUTION 

EULER ALGORITHM X=TAN T 

0.00 0.0000 0.0000 

0.10 0.1000 0.1003 

0.30 0.3050 0.3093 

0.40 0.4143 024228 

0.50 0.5315 0. 5463 

0.60 0.6598 0.6841 

0.70 0.8033 0.8423 

28 0.967 
0.90 1-2-1615 1-2-2602 


1-00 1.3964 1.5574 


TRUNCATION 
ERROR 


0.0000 
-0.0003 
-0.0043 
-0-0148 
-020244% 
-0.0390 
-0.0987 
-0.1610 
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TABLE 4-4 Computer-printed output of the solutions of Eq. (4-49) by the Euler algorithm. 


T x Y T x Y Vy X ry: 
0.00 -2-C000 1.5000 0.00 -3-.0000 225000 0.00 -—4.5000 325000 
0.10 -—1.9805 223776 0.10 ~2.9934 225153 0.10 —424959 325000 
0.20 -1.9690 225105 0.20 —2.9867 2.5295 0.20 —4-4921 3.5000 
0.30 -1.9574 2.6071 0.30 Asses) 225414 0.30 —4.4893 325000 
0.40 -—1.9440 226760 0.40 =2.9731 2.5500 0.40 —4.48717 3.5000 
0.50 -1.9284 22-7231 0.50 —2.9662 2.25554 0.250 —4.4869 3.5000 
0.60 Joe ite) 2.7531 0.60 Sa ers 225582 0.60 —4.4859 3.5000 
0.70C —1.8938 22-7705 0.70 SNe ifAN) 225594 0.70 —424824 324999 
0.80 -1.8768 227793 0.80 —2.9445 2.5597 0.80 —424732 324999 
0.90 -1.8611 227830 0.90 SA59 BO 22-5598 0.90 =Ve4o Gl 324996 
1.00 —1.8464 2. 71842 1.00 —229285 225599 1.00 -4.4200 3.24588 
1.10 -1.8323 227845 1.10 -2.9198 2.5599 1.10 —4.3650 324966 
1.20 -1.8181 2.7845 1.20 -—2.9104 2.25599 1.20 —4.2832 324909 
1.30 —1.8026 227845 1.30 —2.9002 2.25590 1.30 —-4.1691 324788 
1.40 -1-7849 227845 1.40 —2.8891 2.5548 1.40 —4-0196 3.4555 
1.50 -1.7634 227842 1.50 —2.8769 225394 1.50 —3.8363 304144 
1.60 -1.736€9 227822 1.60 -—2.8638 224951 1.60 —3.6289 323467 
1.70 -1.7040 227745 1.70 —2.8503 2.3825 1.70 — 3.4189 322385 
1.80 —1.6638 227521 1.80 =—2e8 dt 22-0998 1.80 —3.2394 320623 
1.90 —1.6172 226982 1.90 —2.8275 1.2080 1.90 —3.1275 227463 
2-00 =e O92 225803 2.00 —2.8539 =) Deo Dit) 2-00 —3.0925 2.0190 


1For simplicity, we have 
assumed wo = 1 in Eq. 
(4-49). 


with the initial conditions x(to) = x9 and y(to) = yo. The Euler 
algorithm in this case is given by 


Xigd = Xi + hfi%iyints) 
Vier = Vi + Afol(Xiyiti) 
&= th +h 

PAO> ISON cers | 


(4-68) 


Let us now apply this algorithm to find the approximate solu- 
tions i4(¢) and v3(t) of Eq. (4-49). Suppose the solution is desired 
over the time interval 0 < ¢ < 2.0. If a step size h = 0.1 is chosen, 
then the value of n is equal to 20. The algorithm for this case is 
therefore given by! 


Xi41 


dais +0.1|-—& 5 cos ti —xi)(2—yi) —2(—5 cos ti, —xj)?(2—yi)? +(2 any 
(2 —6x;+ 3x;?) 


piped 1+(2—yi)+3(2—yi)(—5 cos 5 — xi)? —4(—5 eho) 
yur =yi+0.1] ae 
(4-69) 
ti41=44+0.1 


OP IG oo 5 WS 


The results of carrying out the above iterations for three different 
sets of initial conditions are given in Table 4-4. The reader should 
recognize that this formidable computational task can be easily 
carried out with the help of a digital computer. 
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Exercise 1: Use the Euler algorithm to calculate the approximate solution of 
dx/dt = x over the time interval 0 << t< 1. Assume an initial condition x(0) = 10 
and a step size h = 0.2. Compare the solution with the exact answer x(t) = 10et. 


Exercise 2: Specify the Euler algorithm for a system of three differential equa- 
tions in the normal form. 


4-8 PRINCIPLES OF DUALITY 


There are many physical phenomena or systems in nature which 
have occurred in dual forms. Generally speaking, we say two sys- 
tems or phenomena are duals of each other if we can exhibit some 
kind of one-to-one correspondence between various quantities or 
attributes of the two systems. For example, in mathematics, two 
equations which differ only in symbols but are otherwise identical 
in form are said to be dual equations. In physics, for each trans- 
lational system or problem there exists a corresponding rotational 
system or problem, and they are usually referred to as dual systems 
or problems. The recognition of dual quantities, attributes, phe- 
nomena, properties, or concepts often leads to the discovery and 
invention of new ideas. In electrical engineering, the application of 
the principle of duality has often led not only to a simplification 
of solutions but also to the discovery and invention of new useful 
networks. 

Before we render the concepts of duality more precise, it is 
instructive to consider first the two nonlinear networks shown in 
Fig. 4-17a and b. The equations of motion of these two networks 
are readily obtained and are tabulated in Table 4-5. A careful 
comparison of the expressions in the two columns of this table re- 


(a) 
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Fig. 4-17. The dual of a series 
nonlinear network is a parallel 
nonlinear network. 
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1]t is possible to generalize 
the definition of dual net- 
works to include controlled 
sources. However, the pro- 
cedure for constructing 
such networks is more 
complicated. 
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TABLE 4-5 Equations of motion for the networks in Fig. 4-17a and b. 


Network of Fig. 4-17a Network of Fig. 4.17b 


Laws of Elements Laws of Elements 


v1 = tanh 7,3 ij = tanh v7? 

_ 42 _ dp2 diz _ y4; 5 dia 4 — 42 _ 842 We _ ayy We 
Up = ara ey aes od 2 = aan Gs eae 1k 
. — 493 _ 43 ds _ 7,0, 43 , _ a5 _ dy dis _ 4,941 dig 
Sgr alee Oo we a! aa ta tae eri em : 
v4 = f(A) eof (0) 


Laws of Interconnection 
ICI be S276 Sh A = 
KV aoe 0 


Laws of Interconnection 
FL OVILE Oy 2 ty os SO = 0 
Klis 5 ha 
i=in =O Coa) 


in = ig =U DS == Oe = (0) 


veals a one-to-one correspondence between the equations. As a 
matter of fact, except for the symbols, the equations in the two 
columns are identical in form. Observe that, had we replaced v; by 
ij, i; by vj, pj by gj, and g; by ¢j for the variables in the left column, 
the result would be identical with that in the right column, and 
therefore the two networks are said to be dual networks. One of 
the significant facts about dual networks is that once we know the 
solution of one network, the solution of the dual network can be 
obtained immediately by simply interchanging the symbols. This 
means that as soon as we know the behavior and properties of one 
network, we immediately know the behavior and properties of the 
dual network. Hence a lot of redundancy is avoided if we can 
recognize dual networks. In this book, there will be many occa- 
sions when we shall take advantage of the principle of duality. In 
view of its importance, we shall now precisely define the concept 
of duality. 


DEFINITION OF DUAL NETWORKS 


Let N and N’ be a pair of networks each containing b two-terminal 
network elements which are not controlled sources.1 Then N and 
N’ are dual networks if the elements in N and N’ can be labeled, 
respectively, as by, bo, . ... , by and bj, bs, . »., 6) such that 
the equations of motion of the two networks are identical in form. 
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That is, if we replace v; by i, i; by vj, 9; by gj, and q; by gj in the 
equations of motion for network N, we obtain the equations 
of motion for network N’, and vice versa. 


In view of the above definition, it is clear that the two 
networks N and N’ are dual networks if the solution u;, i;, @;, or Gj 
for element 5; in network N is equal to the solution i, v’, jo OF Yj 
in element bj; of N’, and vice versa. Our next task will be to 
investigate what classes of networks would satisfy the above 
definition. This question is clearly equivalent to the following 
problem: Given a network N containing two-terminal elements, 
does there exist another network N’ which is the dual of N, and if 
so, how can we find N’? To answer this question, it is necessary to 
uncover the duality relationships that must be satisfied by the laws 
of elements and the laws of interconnection of the two dual 
networks. 


4-8-1 DUALITY RELATIONSHIPS FROM THE LAWS OF ELEMENTS 


The definition for dual networks tells us that the equation of motion 
for element 5; is the dual of the equation of motion for element bj 
if the following one-to-one correspondence exists between the ele- 
ments in N and N’. 


Resistor If element 5; is a two-terminal resistor in N character- 
ized by a curve [ in the v-i plane, then the corresponding dual ele- 
ment b; in N’ must be also a two-terminal resistor characterized 
by the same curve T in the 7’-v’ plane, i.e., with the 7 axis replaced 
by the v’ axis and the v axis replaced by the 7’ axis. For example, 
if element b; of N is a resistor characterized by i; = u,° — 3u;, 
then the dual resistor in N’ is a resistor characterized by vj = 
i3 — 33. In particular, if element 5; in N is a voltage source with 
v(t) = K sin t, then the dual element bj in N’ must be a current 
source with i{(f) = K sin t. Observe that the dual of a given resis- 
tor is a new resistor, which may need a new name and a new 
symbol. For example, the dual of a zener diode with a v-i curve as 
defined in Table 1-1 is a new resistor whose new symbol and v’-/’ 
curve are shown in Fig. 4-18. However, there are some two- 
terminal elements which have the interesting property that the 
dual of the element is the same element with its two terminals in- 
terchanged. For such elements, a new symbol is not needed for we 
only have to interchange the terminals of the given element to ob- 
tain its dual. The simplest example of this type of element is the 


203 


Fig. 4-18. The symbol and the 
v-i curve of the dual of a zener 
diode. 
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Fig. 4-19. The dual of an ideal 
diode is also an ideal diode 
with its terminals interchanged. 


1Review the independent 
KVL and KCL equations 
criteria in Sec. 4-3. 
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ideal diode. Clearly, the dual of an ideal diode is obtained simply 
by reversing the two terminals of the diode, as shown in Fig. 4-19. 
Observe that in contrast with the new symbol introduced in Fig. 
4-18, no new symbol is needed to specify unambiguously the dual 
of an ideal diode. 


Inductor If element b; in N is a two-terminal inductor character- 
ized by a curve I in the i-¢ plane, then the corresponding dual ele- 
ment bj in N’ must be a capacitor characterized by the same curve 
I in the v’-q’ plane; that is, simply change the variables @ and i to 
g and v’ while retaining the curve I’. For example, the dual of an 
inductor characterized by y = log i is a capacitor characterized by 
Graco g.08 


Capacitor If element 5; in N is a two-terminal capacitor charac- 
terized by a curve [ in the v-q plane, then the corresponding dual 
element 5; in N’ must be an inductor characterized by the same 
curve [ in the /’-q’ plane; that is, simply change the variables 
g and v to g’ and 7’ while retaining the curve I’. For example, the 
dual of a capacitor characterized by g = tanh v is an inductor 
characterized by gy’ = tanh’. 


4-8-2 DUALITY RELATIONSHIPS FROM 
THE LAWS OF INTERCONNECTION 


Since the equations of motion from the laws of interconnection are 
independent of the network elements and can be written directly 
from the network graph, it is clear that the duality relationships 
for these equations can be found directly from the network graphs 
of the dual networks. Now, from the definition of dual networks, 
each branch voltage v; in N becomes a branch current ij in N’, and 
each branch current i; in N becomes a branch voltage vj; in N’. It 
is clear that the equations of motion due to KVL in N must cor- 
respond to the equations of motion due to KCL in N’, and vice 
versa. This means that if the network N has n nodes and b branches, 
resulting in (n — 1) independent KCL equations and b — (n — 1) 
independent KVL equations,! then the dual network N’ must con- 
tain (n — 1) fundamental loops, or meshes, and b — (n — 1) + 1 
nodes in order to have correspondingly (n — 1) independent KVL 
equations and b — (n — 1) KCL equations. For example, the net- 
work N shown in Fig. 4-17a has four nodes and four branches, and 
the dual network shown in Fig. 4-17b has, correspondingly, three 
meshes, as expected. Given a network graph N with n nodes and 
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b branches, we shall now attempt to find a procedure (if it exists) 
to construct a dual network graph N’ which we know must con- 
sist of (n — 1) fundamental loops, or meshes, and b branches. 

If the network is planar, we know from the KVL mesh equa- 
tion criteria (Sec. 4-3) that the number of independent KVL 
equations is equal to the number of meshes, namely, b — (n — 1). 
Hence, the dual network N’ must have b — (n — 1) independent 
KCL equations. This means that NV’ must contain b — (n — 1) + 1 
nodes. Let us consider the typical planar graph shown in Fig. 
4-20a. In particular, consider a typical mesh such as mesh k 
formed by the branches 1, 2, 3, 4, 5, 6, 7, and 8. The KVL equa- 
tion around mesh k is given by! 

Vy — V2 — U3 + V4 + U5 + UG + V7 — Vg = O (4-70) 
Now if N’ is the dual of N, then the graph of N’ must necessarily 
contain a corresponding node & whose KCL equation is the dual 
of Eq. (4-70), namely, 

H-#-B+H +H +6 +% —%=0 (4-71) 
We can accomplish the above task if we place node k inside mesh 
k and, for each branch b; around mesh k, draw a corresponding 
branch bj from node k to a node placed inside the mesh having 
branch 5; in common with mesh k, as shown in Fig. 4-205. In view 


Fig. 4-20. A typical mesh k of 
a planar network and its dual 
branches. 


1 Recall that when we draw 
the network graph, we 
automatically assume that 
the positive polarity of 
each two-terminal element 
is located at the tail end of 
the current reference direc- 
tion. This assumption 
must always be kept in 
mind. In particular, before 
we find the dual of a two- 
terminal element, we must 
first see to it that the 
characteristic curve of the 
element is specified with a 
set of references consistent 
with the above assump- 
tion. 
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Fig. 4-21. The procedure for 
constructing a dual graph is as 
follows: (a) put a node inside 
each mesh and a node outside 
the network; (6) corresponding 
to each branch b; common to 
two meshes, connect a branch 
b; between the two nodes in 
these meshes such that it cuts 
the branch b;; and (c) assign a 
direction for b; in accordance 
with the reference connection. 


of the above construction procedure, each branch 5} in the dual 
graph must necessarily intersect branch 5; of the given graph. 
Finally, let us assign reference directions to each branch b; in the 
dual graph according to the following convention. 


REFERENCE CONVENTION FOR DUAL GRAPH 


Branch 5; is assigned a direction toward node k if the correspond- 
ing branch 5; of the given graph is in a clockwise direction with 
respect to node k. Otherwise, branch 5} will be assigned a direction 
away from node k. 


With the branches in Fig. 4-205 directed consistently accord- 
ing to the above convention, it is clear that we indeed obtain the 
desired Eq. (4-71). 

If we repeat the above procedure for each of the b — (n — 1) 
meshes, we would eventually end up with a network graph such as 
the examples shown in Fig. 4-21a, with branches cutting the outer 
boundary of the given graph N, and so far left unconnected. To 
complete the dual graph, we observe that KVL must be satisfied 
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around the outer boundary of the given graph N, and similarly, in 
the dual graph, the branches cutting the outer boundary in Fig. 
4-21a must satisfy KCL. This condition can be satisfied by placing 
one node outside the dual graph to terminate all branches of the 
dual graph which cut the outer boundary of N at the external 
node. The resulting network graph shown in Fig. 4-21d is then the 
dual of the given network N. This procedure, together with 
the principle for drawing dual elements, would enable us to find 
the dual of any planar network. 
What happens if network N is nonplanar? Since the concept 
of a mesh is undefined for nonplanar networks, the dual quantities 
for this class of networks are loops and nodes. Moreover, since the 
network is nonplanar, there must be at least one closed loop that 
is not a mesh (remember that a mesh encloses no branches, a 
closed loop does), such as the typical case shown in Fig. 4-22a. 
Consider first writing KVL around loop abcde consisting of 
branches 1, 2, 3, 4, and 5. Using the procedure for a planar 
network, we place a node p inside loop abcde with five branches _ Fig. 4-22. The network shown 
as shown. This would give us the desired KCL equation at node 1" demonstrates that a non: 
ee planar network cannot possess 
p. However, suppose we repeat the procedure for loop ghijk and 3 qual. A network graphs 
place a node q inside it. The procedure for drawing a planar nonplanar if, and only if, it 


7 ; i i f the two 
nodes and contains either one o 
network would now require a branch connecting es Pp q, Kiratowald: saberaphe Choan 


in (b) and (c). 
b 


A loop which is 
not a mesh 


e d 
(b) Kuratowski subgraph 1 


if e 
(a) (c) Kuratowski subgraph 2 


208 


1This theorem implicitly 
assumes that whenever 
two or more branches are 
connected in series or in 
parallel, they are inter- 
preted as only one branch. 
Hence, before one applies 
the test, it is convenient to 
replace all branches which 
are in series or in parallel 
by a single branch. 
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thus adding one more branch to node p. But this would violate 
the desired KCL equation at node p. Hence the procedure would 
not work for a nonplanar network. Since the above argument is 
valid in general, it is impossible to find a network graph which is 
the dual of a nonplanar network. This result is important enough 
to be stated as a theorem. 


DUAL NETWORK EXISTENCE THEOREM 


A network N has a dual if, and only if, N is a planar network. 


It is clear from this theorem that before we attempt to find the 
dual of a given network, we must determine whether it is planar. 
For simple networks, this can be readily determined by inspection. 
For more complicated networks, however, it is sometimes not 
easy to distinguish a planar from a nonplanar network. Kuratowski’s 
theorem applies to this situation, but because it is extremely 
difficult to prove, it is only stated here. 


KURATOWSKI’S THEOREM 


The necessary and sufficient condition that a network N be 
planar is that the network graph contain neither the subgraph 
(i.e., part of the graph obtained by removing some branches and 
nodes) shown in Fig. 4-22a nor the subgraph shown in Fig. 4-225.1 


As a consequence of Kuratowski’s theorem, it is clear that 
any network with less than five nodes is necessarily planar. Hence, 
without having to redraw the network in Fig. 4-4a, we can 
conclude that it is planar because it contains only four nodes. 
When a network contains more than five nodes, we can apply 
Kuratowski’s theorem by searching for the existence of a set of 
five nodes with each node having a branch connected to each of 
the other nodes, as in Fig. 4-22b. Or we can look for the existence 
of a set of six nodes with branches connected in the form of 
Fig. 4-22c. For example, the network shown earlier in Fig. 4-5 is 
nonplanar because it contains a Kuratowski subgraph of the form 
shown in Fig. 4-22b. 

It is easier to prove that a network is nonplanar because we | 
need only exhibit one of the two Kuratowski subgraphs. To prove 
that a network is planar, we must examine all possible groups of 
branches and nodes to ascertain that the network does not contain 
either of the two Kuratowski subgraphs. 
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4-8-3. ALGORITHM FOR DRAWING 
THE DUAL OF A PLANAR NETWORK 


Given a planar network N, we can now draw its dual by the fol- 
lowing procedure: 


1. Check first that all element-characteristic curves are specified 
with a set of reference directions and polarities consistent with 
the assumption that the positive terminal of each element is at 
the tail end of the current reference arrow. If not, redefine the 
references and the characteristic curves accordingly. 


2. Draw the graph of N. Place a node inside each mesh in N and 
one node outside of N. Corresponding to each branch b; in N 
which is common to meshes a and f, draw a branch bj from 
the node inside mesh a to the node inside mesh £. The reference 
direction for bj is then directed toward the node inside mesh a, 
if the reference direction of branch 5; in mesh a is in the clock- 
wise direction (with respect to the node inside mesh a). Other- 
wise, the reference direction of bj is directed away from the 
node inside mesh a. 


3. The branches bj in N’ are then replaced by the corresponding 
network elements dual to branch b;. For convenience, Table 
4-6 tabulates the dual quantities useful for drawing dual 
networks. 


EXAMPLE 


Consider the nonlinear bridge network shown in Fig. 4-23a. The 
elements consist of an ideal diode (element 1), a nonlinear resistor 
(element 2) whose ve-i2 curve is shown in Fig. 4-235, a current 
source i(f) = 5e~* (element 3), a nonlinear capacitor (element 4) 
whose v4-q4 curve is shown in Fig. 4-23c, a 5-& linear resistor (ele- 
ment 5), a nonlinear inductor (element 6) characterized by yg = 
1 + ig — 3ig2 + 5ig3, a 3-F linear capacitor (element 7), a 2-H 
linear inductor (element 8), a tunnel diode (element 9) whose vg9-i9 
curve is given in Table 1-1, and a voltage source v(t) = 2 cos t. 
The units of all voltages, currents, charges, and flux linkages are 
assumed to be volts, amperes, coulombs, and webers. We draw the 
dual following the three steps outlined in the above algorithm: 


1. A check of the reference directions and polarities of the ele- 
ments in Fig. 4-23a shows that the references for elements 2, 3, 
6, and 10 are not consistent with convention. Hence we must 
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TABLE 4-6 Common dual quantities. 


Foundations of nonlinear network theory 


Network V Network N’ 
Current i; Voltage vu; 
Voltage v; Current ij 
Flux linkage 9; Charge qj 


Charge qj 


Nonlinear resistor (characterized 
by a curve I in the v-i plane) 


Linear resistor with a resistance 
of RQ 


Nonlinear inductor (characterized 
by a curve I in the i-¢ plane) 


Linear inductor with an 
inductance of K H 


Nonlinear capacitor (characterized 
by a curve I’ in the v-q plane) 


Linear capacitor with a “capaci- 
tance” of K F 


Voltage source, vj = f(t) 
Current source i; = g(?) 
Short circuit 

Open circuit 

Parallel branches 
Series branches 

Link 

Tree branch 
Fundamental loop 
Fundamental cut set 
Ideal diode 


Flux linkage q; 


Nonlinear resistor (characterized 
by the same curve I in the /’-v’ 
plane, i.e., with v and 7 axes 
interchanged) 


Linear resistor with a conductance 
of R mhos or 1/R Q 


Nonlinear capacitor (characterized 
by a curve [ in the v’-q’ plane) 


Linear capacitor with a capaci- 
tance of K F 


Nonlinear inductor (characterized 
by a curve I in the i’-¢’ plane) 


Linear inductor with an “‘induct- 
ance” of K H 


Current source ij = f(t) 
Voltage source vj = g(t) 
Open circuit 

Short circuit 

Series branches 
Parallel branches 

Tree branch 

Link 

Fundamental cut set 
Fundamental loop 


Ideal diode with its two terminals 
interchanged 


redefine the references of these elements as shown in Fig. 4-24a. 
The v-i curve of element 2 must be changed accordingly, as 
shown in Fig. 4-24b. The i-~ curve of element 6 must also be 
changed to gg = 1 — ig — 3ig2 — Sig3, since ig has become — ig. 


Equations of motion 


The voltage source and the current source remain unchanged, 
since the terminal voltage of a voltage source is independent of 
its terminal current, and the terminal current of a current 
source is independent of its terminal voltage. 


2. The graph of the modified network in Fig. 4-24a is drawn 
in Fig. 4-24c, together with its dual graph. 


3. The completed dual graph is redrawn as in Fig. 4-24d. It re- 
mains to replace each branch by its corresponding dual ele- 
ments. Therefore, element 1 is an ideal diode with its ter- 
minals interchanged; element 2 is a nonlinear resistor with its 
v3-12 curve shown in Fig. 4-24f; element 3 is a voltage source 
with terminal voltage v3(t) = Se~*; element 4 is a nonlinear in- 
ductor with its i%4-p4 curve shown in Fig. 4-24g; element 5 is 
a 1/5-Q linear resistor; element 6 is a nonlinear capacitor 
characterized by gg = 1 — vg — 3v62 — Sug; element 7 is a 3-H 
linear inductor; element 8 is a 2-F linear capacitor; element 9 
is a nonlinear resistor with its vg-ig curve shown in Fig. 4-24h; 
and element 10 is a current source with terminal current 
T(o(l) 52 COS Tf: 


Observe that the dual of a voltage-controlled v-i curve is 
current-controlled, and vice versa. In particular, the dual v-i curve 
can be obtained by reflecting the original curve with respect to the 
45° line through the origin. In practice, this operation can be 
simulated by a 45° reflector (more commonly known as a gyrator). 
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Fig. 4-23. A typical nonlinear 
bridge network. 
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Fig. 4-24. The step-by-step procedure for constructing the dual of the nonlinear bridge network of Fig. 4-23. 


Equations of motion 


Similarly, the type 1 C-L mutator presented in Sec. 3-8-3 (also 
known as a gyrator) can be used to simulate the dual of a 
nonlinear capacitor and a nonlinear inductor. In other words, the 
dual of any nonlinear network can be synthesized with the help of 
a gyrator. 


Exercise 1: (a) Construct the dual of the network shown in Fig. 4-17a by the pro- 
cedure described in this section. (b) Repeat (a) for the network shown in Fig. 
4-175. (c) Show that a planar network can have only one dual. 


Exercise 2: Identify the Kuratowski subgraph for the nonplanar network shown 
in Fig. 4-5. 


Exercise 3: Prove that a gyrator can be used to obtain the dual of any nonlinear 
resistor, inductor, or capacitor. 


4-9 SUMMARY 


Classification of networks 


1. Resistive networks do not contain capacitors or inductors. 
a. Resistive linear networks contain only linear resistors and 
sources. 
b. Resistive nonlinear networks contain at least one nonlinear 


resistor. 
2. Dynamic networks contain at least one capacitor or inductor. 
a. Dynamic linear networks contain only linear elements and 


sources. 
b. Dynamic nonlinear networks contain at least one nonlinear 


element. 


Equations of motion 
1. Equations from the laws of elements representing the charac- 
teristic curves of the elements are always independent. 


2. Equations from the laws of interconnection representing equa- 
tions from KVL and KCL may not be independent. 


Network topology 


Network topology provides the systematic techniques for obtaining 

independent equations from the laws of interconnection. Some 

basic terminologies are as follows: 

1. Tree: a set of branches, called tree branches, connecting all 
nodes but not forming closed loops. 
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2. Cotree: the set of all branches, called links, not belonging to a 
tree: 


3. Cut set: a set of branches which, if cut, would separate the net- 
work into two parts. 


4. Fundamental loop: given a tree T, a loop formed by a link of 
T and one or more tree branches is called a fundamental loop 
with respect to T. 


5. Fundamental cut set: given a tree T, a cut set formed by a tree 
branch of T and one or more links is called a fundamental cut 
set with respect to T. 


Independent KVL equation criteria The maximum number of inde- 
pendent KVL equations is equal to b — (n — 1), where 5 is the 
total number of branches and n is the total number of nodes. 
These equations can always be written around the b — (n — 1) 
fundamental loops with respect to a tree 7. (These criteria are 
valid only for networks containing two-terminal elements.) 


Generalized KCL The algebraic sum of all branch currents belong- 
ing to a cut set is zero. 


Independent KCL equation criteria) The maximum number of inde- 
pendent KCL equations is equal to n — | where n is the total 
number of nodes. These equations can always be written across 
the fundamental cut sets with respect to a tree 7. (These criteria 
are valid only for networks containing two-terminal elements.) 


Ground rule for networks with multiterminal elements If each KVL or 
KCL equation contains at least one branch variable which did not 
appear in the preceding equations, then the equations are in- 
dependent. 


Nature of equations of motion 


1. Resistive Nonlinear Networks: a system of nonlinear functional 
equations. 


2. Dynamic Nonlinear Networks: a system of nonlinear functional- 
differential equations. These equations must be recast into the 
normal form before they are amenable to existing solution 
techniques. The dependent variables in the normal form are 
called state variables. 


Equations of motion 


Practical methods for solving nonlinear functional equations 
1. Numerical methods 

2. Graphical methods (Chaps. 6 and 7) 

3. Piecewise-linear methods (Chap. 12) 


Some numerical techniques 


1. Fixed-point Algorithm: The solution of X = F(X) is equal to 
the fixed point of F(X). It can be found by iterating Xj, = 
FOG = O01; Seen. 


2. Newton-Raphson Method: The solution of G(X) = 0 is equal 
to the fixed point of F(X) = X — [G’(X)]|"1G(X). It can be 
found by iterating Xi,1 = X; — [G’(X;)]}-1G(X)). 


Practical methods for solving nonlinear differential equations 
1. Numerical methods 

2. Graphical methods (Chaps. 18 and 19) 

3. Piecewise-linear methods (Chaps. 14 to 17) 

4. Analog simulation 


Euler algorithm, a simple numerical technique 

Given dx/dt = f(x,t) and x(to) = Xo, corresponding to a step size 
hand a total of n iterations, the approximate solution is given by 
Xign = Xi + hf (%i,ti) 

fur = +h 

p—Oetr PLoS 4 


Principles of duality 


1. Only planar networks have a dual. (See construction procedure 
in the text.) 


2. Any dual element can be realized with the help of gyrators. 


PROBLEMS 


4-1 Consider the network N shown in Fig. P4-1. 
(a) Draw the network graph of N. Label all branches and nodes. 
(b) Exhibit a tree and list the branches of the cotree correspond- 
ing to your tree. 
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Fig. P4-1. 


Fig. P4-5. 


4-2 


4-3 


4-4 


4.5 


Foundations of nonlinear network theory 


(c) List the fundamental loops corresponding to the tree chosen 
in (0). 

(d) List the fundamental cut sets corresponding to the tree 
chosen in (d). 

(e) Find the number of independent KCL and KVL equations 
for the network N. 


Prove the independent KVL mesh equation criteria. HINT: To 
prove the first part, use the principle of mathematical induction. 
Start with b — (n — 1) = 1 and then b — (nm — 1) = k. To prove 
the second part, show that if the mesh equations are not independ- 
ent, there exists at least one loop equation independent of the mesh 
equations. Then show that any loop equation can be expressed as 
a linear combination of mesh equations, thereby establishing 
a contradiction. 


Prove the independent KCL equation criteria. HINT: Apply duality 
concepts to the proof of the independent KVL equation criteria. 


If a network is planar, it is usually easier to write the KVL equa- 
tions around the meshes of the network. Apply this method to de- 
rive the equations of motion of the network shown in Fig. 4-7a. 


Write the equations of motion of the circuit shown in Fig. P4-S. 
The nonlinear resistors Ro and Rg are junction diodes characterized 


4-6 


Equations of motion 


by a v-i curve i = I,(e* — 1). The nonlinear resistors R3 and R4 
are varistors characterized by a v-i curve v = 100i!/3. The non- 
linear resistors Rs and Rs are tunnel diodes characterized by a v-i 
curve i = 10.lv — 26.5v2 + 17.4v3. Eliminate as many variables as 
possible. 


Find the equations of motion of the nonlinear network shown in 
Fig. P4-6. The two-terminal nonlinear resistor is characterized by 
ig = 2v23. The three-terminal nonlinear resistor is characterized by 
is = fi(Us,ig) and ve = f2(Us,ie). Eliminate as many variables as 
possible. 


4-7 


4-8 


Consider the nonlinear equation g(x) = x — (1/4)x? = 0 and its 

associated function f(x) = x — k(x)g(x). 

(a) With k(x) = 1, find the fixed points of f(x) analytically. Do 
they agree with the solutions of g(x) = 0? If not, explain why. 

(b) Repeat (a) with k(x) = x? — 4. 

(c) Assuming k(x) = 1, carry out the fixed-point iteration four 
times with the initial guess x9 = 2. Does the iteration 
converge? 

(d) Repeat (c) with x9 = —3. 

(e) Repeat (c) with xo = 5. 

(f) Can you find an appropriate k(x) and some appropriate 
initial guesses so that all fixed points can be obtained by 
iteration? 

Find the solution of the equation g(x) = x — (1/4)x? = 0 by the 

Newton-Raphson method. Carry out the iteration four times with 

each of the initial guesses x9 = 2, —3, and 5. Compare its rate of 

convergence with the results in Prob. 4-7. 


Fig. P4-6. 
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4-10 


Fig. P4-11. 


4-12 


4-13 


Foundations of nonlinear network theory 


It can be shown that if the magnitude of the slope of f(x) = 
x — kg(x) is less than a constant n < 1, the fixed-point algorithm 
will always converge. If g(x) = 0 is defined over the interval 
a<x <b, where g(a) <0 and g(b) > 0, find the conditions 
under which a constant k may be found to guarantee | f’(x)| < 1 
over the intervala < x < b. Give a numerical example to illustrate 
how to choose the value k. 


The equations of motion of an instrumentation circuit have been 
written and simplified to the following two equations: 


Oy = Oe 25 toe = 
Ui — 40510 


(a) Find the solution analytically. 

(b) Find the solution graphically. 

(c) Recast these equations into the fixed-point form for two 
equations and carry out the iteration with the initial guess 
(v1,02) = (0.25, —0.25). 


Figure P4-11 shows a series nonlinear RLC network. R is described 
by i; = 2 tanh v1, L by g2 = 3%23, C by g3 = In v3, and the voltage 
source by u(t) = 4e~* sin ¢ volts. Find the equations of motion in 
the normal form in terms of the following state variables: 

(a) ie and v3 

(b) Ig and q3 

(Cc) qe and v3 

(d) 2 and q3 


Solve Prob. 4-11 for the case when the inductor characteristic is 
given by (a) 2 = ig3 + ig? and (6) ig = p23 + qo2. NOTE: The 
normal form may not exist for some choice of state variables. 


Consider the dynamic network shown in Fig. P4-13, where the 
three-terminal resistor is characterized by 


ey — 2 te 309 + voiy3 — 214° 
ig = 4 — 120g — 2izve3 + 3u25 


(a) Write the equations of motion if the inductor and capacitor 
are characterized by 


4-14 


4-15 


Equations of motion 


p =2— 233 + 5:5 
G= 14 20 — 302) 05 

(b) Choose a set of state variables in (a) and express the equations 
of motion in the normal form. 


(c) Repeat (a) for the case where the inductor and capacitor are 
characterized by 


f=1+o+¢? 
v=q- 

(d) Choose a set of state variables in (c) and express the equations 
of motion in the normal form. 


3-terminal 
resistor 


Consider the differential equation dx/dt = f(x,t) and the iteration 
formula 


Xin1 = Xi + nf Lut) + flxi + hf (Xi,ti),ti+s] } 


tar =i +h 

OF Dea i 

(a) The above formula is called the Heun algorithm. Give a geo- 
metrical interpretation of this algorithm and explain why it 
represents a more accurate method than the Euler algorithm. 

(b) Find the solution of Eq. (4-63) by the Heun algorithm with 
the same initial condition and step size as in the text. Com- 
pare the accuracy with that obtained by the Euler algorithm. 

(c) Extend this algorithm to a system of n differential equations. 


Another numerical technique for solving the differential equation 
dx/dt = f(x,t) is the Taylor algorithm defined by 


Wz, 
Kina = Xi + hf (%,i) + ar Sf’ (xvti) 
i? Gap hy 
ar a (%iti) + +>: + Savdien D(Xi,ti) 


twa = +h 
10, Nae. ni —ol 


Fig. P4-13. 
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Fig. P4-17. 


4-16 


(c) 


Foundations of nonlinear network theory 


Give a geometrical interpretation of this method and explain 
why it is more accurate than the Euler algorithm. 

Find the solution of Eq. (4-63) by the Taylor algorithm with 
the same initial condition and step size as in the text. 

What is the disadvantage of this method over the Euler 
algorithm? 


One of the most commonly used algorithms for solving the differ- 
ential equation dx/dt = f(x,t) without the necessity of evaluating 
high-order derivatives is the Runge-Kutta algorithm defined by 


Kita = Xi + heii) 
where 


2(Xi,ts) =F Saep) recs haat Joy 


(ge 


k3 = 


(a) 
(b) 


FO%isti) ke = f(x a A kat i 4) 


f(x + A kayt + A) kg = f(xi + hk3,t; + h) 
Give a geometrical interpretation of this algorithm. 

Find the solution of Eq. (4-63) by the Runge-Kutta algorithm 
with the same initial condition and step size as in the text. 
Compare its accuracy with that of the Euler algorithm. 


Test whether the networks shown in Fig. P4-17a and 6 are planar 
or nonplanar. Justify your answers. 


(b) 


4-18 (a) Find the dual of the nonlinear bridge-T network shown 


in Fig. P4-18a. The v-i curves of the resistors are given in 


Equations of motion 


Table 1-1 of Chap. 1. The inductor i-¢ curve is represented by 
i = 9°, and the capacitor v-q curve is represented by v = tanh g. 

(b) Repeat (a) for the nonlinear twin-T network shown in Fig. 
P4-18D. 


ap Yes . sp Uh = 


Fig. P4-18. 
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4-20 


An element whose dual is itself is called a self-dual element. Show 
that the elements of Fig. P4-19a and 5b are self-dual elements. 
What property must a v-i curve possess in order for it to represent 
a self-dual element? 


If a network graph and its dual have the same topology, the graph 
is said to be a self-dual graph. 

(a) Verify that the graph of Fig. P4-20 is a self-dual graph. 

(b) Find two more self-dual graphs. 
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5 THREE 
OF RESISTIVE 
NONLINEAR NET 


5-1 THE OPERATING-POINT CONCEPT 


We have shown in Sec. 4-4 that the equations of motion of any 
resistive nonlinear network N can always be written and reduced 
into the form of a system of independent, functional (algebraic or 
transcendental) equations of the form 


Cale, Opt igla, -.. dnt) = 0 


foU1,02, see Umsl1,12, sigeie abst) =) (5-1) 


Jin+n(V1,02, tee Umsl1,12, mish sIn,t) = 0 


The parameter ¢ will be present whenever one or more of the 
sources in N is time-dependent. The solution of Eq. (5-1) then 
consists of a set of time functions 


Up SE Xd) eS lee Wein 

and 

peat) Vy Sy eh: in 

such that, when these are substituted into Eq. (5-1), the left side 
of each equation will be identically zero for all time ¢, that is, 


fl(ExO, £20), ..- Em(t),10,120), - .- Ln(O),2) = 0 
f(EVO,E0), ... Em(t), O12, - -- An, 1) = 0 (5-2) 


In+nl Ei), F2(0), OG En(D) LO), Led, tae L(d),0) = 0) 
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1 Unfortunately, no single 
numerical method which 
can guarantee convergence 
is presently known. 


These methods can be 
easily implemented by a 
computer. 


3 A network containing only 
de sources is called a de 
network in this book. In 
particular, we shall distin- 
guish between a dc-re- 
sistive network and a dc- 
dynamic network. By tra- 
dition, a source is said to 
be an ac source (derived 
from the words alternating 
current) if it varies with 
time. Accordingly, a net- 
work containing one or 
more ac sources is called 
an ac-resistive network or 
an ac-dynamic network. 


Resistive nonlinear networks 


Since Eq. (5-1) is assumed to be already in its reduced form, 
i.e., all possible elimination and substitution have been made, we 
must now solve for the unknowns by the nonanalytical techniques 
described in Sec. 4-5, namely, numerical, graphical, and piecewise- 
linear. If Eq. (5-1) is given in analytic form, and if there is a 
unique solution, then the numerical method is usually superior, 
provided the iteration procedure converges. In practice, however, 
Eq. (5-1) is really just a symbolic notation because each equation 
would generally contain functions specified by curves, not equa- 
tions. In such cases, the graphical and the piecewise-linear tech- 
niques are far superior. 

An examination of Eq. (5-1) shows that the presence of the 
parameter ¢ greatly increases the difficulty of the problem. Let us 
therefore consider the simpler problem of finding the solution of 
Eg. (5-1) at a specific time ¢ = fo rather than for all time 7. By sub- 
stituting ¢ = fo in Eq. (5-1), the parameter ¢ can be eliminated. 
This is equivalent to replacing all time-dependent sources in N by 
de sources whose values are equal to the values of the time- 
dependent sources at fo. In other words, N becomes a dc-resistive 
network,? and Eq. (5-1) becomes 


fa O10; cea licla, se ola 0 
fo(v1.02, = S Um;!1,12, Saas sin) = 0 (5-3) 
Jm+n(01,02, te Um,l1,l2, se esln = 0 


If we can find the solution of Eq. (5-3), then we can find the solu- 
tion of Eq. (5-1) for all time ¢ by simply solving the problem at 
different instants of time. In other words, if we can solve a 
de-resistive network, then we can also solve the corresponding ac- 
resistive network. This observation shows that the fundamental 
problem in nonlinear network theory is the solution of dc-resistive 
networks, and therefore only this class of resistive networks will 
be considered in the rest of this chapter. 

The solution of Eq. (5-3) consists of a set of numbers 


(44, Be, 26 Balagls, o.07,):suchithat 
flPr Eo :<.,Ex Tein 
So E1,Bo, ... Em Tis, OA) Se 


(5-4) 


Three basic concepts of resistive nonlinear networks 


Conceptually, it is useful to interpret Eq. (5-3) and its solution from 
a geometric point of view. First, let us consider Eq. (5-3) in 
its simplest form, namely, two equations in two unknowns 1; 
and io; thus 


Ai@1,i2) = 0 


21,52) — 0 C » 
These equations represent two curves in the two-dimensional 
Vy-i2 plane. The intersection (£},J2) of the two curves is a solution 
of Eq. (5-5) because it satisfies both equations. Hence we can say 
that a solution of Eq. (5-5) is a point (£;,J2) in a two-dimensional 
space. Next, consider Eq. (5-3) in three variables; we have 


Fil1,02,/1) a0) 
21,0241) = 0 (5-6) 
f31,02,/1) =0) 


Each of these equations represents a surface in the three- 
dimensional v,-v2-i; space. An intersection (£1,£2,J;) of the 
three surfaces is a solution of Eq. (5-6) because it satisfies all three 
equations. Hence, we can say that a solution of Eq. (5-6) is a 
point (£1,£2,J;) in a three-dimensional space. By a logical general- 
ization of these geometrical interpretations, we can interpret each 
equation in Eq. (5-3) as a surface in the (m + n)-dimensional 
Uj-Uz +++ -Um-ii-i2 +++ -in space, and each point of intersection 
(E1,EF2, ... Em; T1,J2, ... tn) of these (m + n) surfaces is clearly 
a solution of Eq. (5-3). Hence, we can say that a solution of 
Eq. (5-3) is a point (£1,£2,... Em; I1,J2, ... Jn) in an (m + n)- 
dimensional space. We shall call such a point of intersection an 
operating point of the network N. The operating point of a 
network N is simply a set of numbers (representing a solution of 
N) which we interpret as the coordinates of a point. Since “sur- 
faces” in general may intersect at only one point, at finitely many 
points, at infinitely many points, or sometimes not at all, it is clear 
that a network N may have one operating point, finitely many 
operating points, infinitely many operating points, or sometimes 
no operating points at all. This is equivalent to saying that a net- 
work N may, in general, have one solution, finitely many solutions, 
infinitely many solutions, or sometimes no solution at all. The 
physical interpretation of networks containing more than one 
operating point is discussed in Sec. 5-5. We shall refer to the prob- 
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dc-resistive 
network 


(a) 


dc-resistive 
network 


(b) 


dc-resistive 
network 


(c) 


Fig. 5-1. Adc-resistive network 
with an external ac source 
whose terminal voltage or ter- 
minal current is being varied. 


1 We have assumed here that 
N has at least one operat- 
ing point. The special case 
where N has no solution 
is of no practical interest. 


Resistive nonlinear networks 


lem of finding the operating points of a de-resistive network as the 
operating-point problem. 


5-2 CONCEPTS OF DRIVING-POINT AND 
TRANSFER-CHARACTERISTIC PLOTS 


We shall now introduce two concepts of fundamental importance 
in nonlinear network theory. Most of the material in the remain- 
ing chapters of this book will depend heavily on the concepts in- 
troduced in this section. Consider an arbitrary dc-resistive nonlin- 
ear network N which may contain n-terminal resistors, controlled 
sources, ideal transformers, gyrators, and de sources. An operating 
point P of N is then a set of numbers which we have interpreted 
to be the coordinates of P, that is, 

PEs, Es: ne Mialals. Sole a) (5-7) 
Suppose we now change the values of some of the dc sources in 
N. Clearly, the network will have a new operating point P’ with a 
new set of coordinates 

PG Eon b laste sl) (5-8) 
More specifically, let us change the value of only one of the 
dc sources in N. In order to emphasize that only one source 
is being altered, we shall draw the network in the form shown in 
Fig. 5-la, where we have denoted the source that is being altered 
by x. Observe that x may be a voltage source or a current source, 
and thus Fig. 5-la may become either Fig. 5-1b or Fig. 5-lc. Let 
us now vary the value of the source x from — oo to + 00. Corre- 
sponding to each value of x, we shall obtain one or more operat- 
ing points! in the (m + n)-dimensional space. If (m + n) = 3, we 
can plot each point P corresponding to each value of x and de- 
note it by P(x), as shown in Fig. 5-2, where the operating points 
have been connected into a space curve, henceforth referred to as 
the /ocus of operating points. 

It is not difficult to imagine that when (m + n) > 3, the locus 
of operating points will still be a curve in the (m + n)-dimensional 
space. Although we cannot plot the locus in an (m + n)-dimen- 
sional space, we can nevertheless specify the locus of operating 
points by several means. The simplest method is to tabulate the 
coordinates of each point P corresponding to each parameter x in 
the form of a table such as Table 5-1. A disadvantage of the table, 


Three basic concepts of resistive nonlinear networks 


however, is that only a finite number of operating points can be 
tabulated. Hence, in Table 5-1 we can find the operating points 
corresponding to x = 1, 2, 3, etc., but we cannot find the operating 
point corresponding to x = 2.3, 3.7, etc. It is difficult to interpolate 
the intermediate values from the table, because, as will be seen 
later, the relationships between the coordinates of P and the 
values of x are usually nonlinear. 

A more accurate method of specifying the locus of operating 
points consists of plotting each coordinate of the operating point 
as a function of x in the form of a curve. Each curve can be 
plotted from the data in the appropriate column of Table 5-1. For 
example, the data in the column corresponding to the coordinate 
v; in Table 5-1 can be plotted as shown in Fig. 5-3a. These points 
can then be used to draw a smooth curve. 

Similarly, the data in the column corresponding to i; can be 
plotted as shown in Fig. 5-3b. Notice that in order to completely 
specify the locus of the operating points, we would need as many 
curves as there are columns in Table 5-1. 

Now observe that each voltage coordinate v; of the operating 
point P corresponds to the voltage across some pair of nodes in 
N; similarly, each current coordinate i; of the operating point P 
corresponds to the current in some wire. For example, v; might 
represent the voltage between nodes a-b, and i; might represent 
the current in wire c-d of the network shown in Fig. 5-4a. In order 
to emphasize that the curve vu; versus x represents the voltage solu- 
tion across nodes a-b as a function of x, and the curve i; versus x 
represents the current solution in the wire c-d as a function of x, 
let us redraw Fig. 5-4a into the more explicit form shown in Fig. 
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Fig. 5-2. The locus of the oper- 
ating points in a three-dimen- 
sional space corresponding to 
different terminal values of the 
driving source x can be plotted 
as a space curve with x as a 
parameter. 


1Jt is possible for the curve 
to jump abruptly, as for a 
discontinuity. This, how- 
ever, will not occur in 
physical networks. 
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5-4b. We cannot overemphasize here that the two wires connected 
to nodes a-b as shown in Fig. 5-45 are not part of the original net- 
work, and hence must be left open-circuited. These two wires are 
brought out of the box just to emphasize that if we connect a volt- 
meter across them and plot the measured voltage as we vary the 
value x, we would obtain the relationship vu; versus x. Clearly, if 
we connect an external load to these wires (which results in a cur- 
rent flowing in the load), we change the network. As a result of 
this, we expect to measure a different voltage v; for the same 
value of x. Therefore, in order to obtain a u;-vs.-x relationship un- 
ambiguously, it is necessary that no current be allowed to flow in 
the wires where the output voltage v; is to be measured. 
Depending upon the location of the pair of nodes a-b across 
which the voltage v; is to be measured and the location of the wire 
c-d through which the current i; is to be measured, we shall classify 
the v;-vs.-x and the ij;-vs.-x curves into two main classes, the 
driving-point characteristic plot and the transfer-characteristic plot. 


5-2-1 THE DRIVING-POINT CHARACTERISTIC PLOT (DP PLOT) 


Any curve, vj versus x or i; versus x, is said to be a driving-point 
characteristic plot (henceforth referred to as a DP plot) if v; and 
x or i; and x are measured across the same pair of terminals, called 
the driving-point terminals. 

From this definition, we see that there are two possibilities 
for a v;-Vs.-x or an i;-vs.-x curve to be a DP plot: 


1. When x is a voltage source and i; corresponds to the current 
entering one of the two driving-point terminals as shown 


in Fig. 5-5a 
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Fig. 5-3. The relationship be- 
tween each voltage coordinate 
vj or Current coordinate i; and 
the value of the driving source 
x can be plotted in the form of 
a plane curve. 


Fig. 5-4. A resistive network 
drawn in the form of a black 
box to emphasize the relation- 
ship between vu; versus x and i; 
versus x. 
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(a) 


Fig. 5-5. The DP plot pertains 
to the relationship between the 
current i; and the driving volt- 
age v, or the voltage uv; and the 
driving current i, across the 
same terminal pair, the driving- 
point terminals. 


Fig. 5-6. A soldering-iron entry 
is obtained by soldering a pair 
of terminals across a pair of 
existing nodes. 
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2. When x is a current source and v; corresponds to the voltage 
across the driving-point terminals shown in Fig. 5-55 


In case | the DP plot corresponds to the i;-vs.-v curve, and in 
case 2 the DP plot corresponds to the u;-vs.-i curve. Observe that 
in either case the DP plot is simply the v-i characteristic measured 
across the driving-point terminals of the resistive network N. In 
other words, the entire dc-resistive network N shown in Fig. 5-5a 
or b can be interpreted as a two-terminal resistor characterized by 
a v-i curve, which also happens to be the DP plot of the network. 


5-2-2. THE TRANSFER-CHARACTERISTIC PLOT (TC PLOT) 


Given a dc-resistive network N, there will be many occasions 
when we would like to “create” a pair of driving-point terminals 
in N and consider the resulting black box as a two-terminal resis- 
tor. We refer to the creation of new driving-point terminals as 
finding an “entry” to the network. We can obtain an entry to a net- 
work either by the “soldering-iron” entry or by the “pliers-type” 
entry. In the “soldering-iron” entry we simply choose two conven- 
ient nodes which already exist in N and “solder” to these nodes 
a pair of external terminals. The external terminals can connect 
to either a voltage source as in Fig. 5-6a or a current source as in 
Fig. 5-6b. In the “pliers-type” entry we choose a convenient wire 
in N and cut it with a “pliers.” The result is two newly created 
terminals which can be connected across either a voltage source 
as shown in Fig. 5-7a or a current source as shown in Fig. 5-7). 

As an illustration of the creation of driving-point terminals, 
consider the simple dc-resistive network N shown in Fig. 5-8. We 
can create three different driving-point terminals in the network 
N by soldering-iron entries, as shown in Fig. 5-9a to c. Similarly, 
we can create six different driving-point terminals to the network 
N by pliers-type entries, three of which are shown in Fig. 5-10a 
toc, 
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DEFINITION OF A TRANSFER-CHARACTERISTIC PLOT (TC PLOT) 


Any curve v; versus x or i; versus x is said to be a transfer-charac- 
teristic plot (henceforth referred to as a TC plot) if v; is measured 
across one pair of terminals and x is measured across another or 
if i; is measured entering one terminal and x is measured across 
another. We shall refer to the terminal pair corresponding to x as 
the driving-point terminals and to the terminal pair corresponding 
to v; or i; as the transfer terminals. With reference to Fig. 5-4 and 
the fact that x may be either a voltage source or a current source, 
it is clear that there are four different types of TC plots. If we de- 
note the driving-point terminals by the subscript k and the trans- 
fer terminals by the subscript j, then the types of TC plots are as 
follows: 


1. uj-vs.-v; plot. This corresponds to the case where the driving- 
point variable is vz and the transfer variable is v;, as shown in 
Fig. 5-1la. An example of this type of TC plot, shown in Fig. 
5-116, was obtained by plotting the data in column v; of Table 
5-1 with respect to x = Ux. 
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Fig. 5-7. A pliers-type entry is 
obtained by cutting a wire, 
thereby creating a pair of ter- 
minals. 


cam 
& 3 - terminal 


Ni, 


o 
c 


Fig. 5-8. A typical dc-resistive 
network. 


Fig. 5-9. Examples of three 
pairs of driving-point terminals 
created by the soldering-iron 
entry. 
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(a) (c) 


Fig. 5-10. Examples of three 2. v,-vs.-i, plot. This corresponds to the case where the driving- 
i ween Sears point variable is i, and the transfer variable is v;, as shown in 
type entry. Fig. 5-llc. An example of this type of TC plot is shown in 

Fig. 5-11d, which was obtained by plotting the data in column 


v2 of Table 5-1 with respect to x = ix. 


3. ij;-vs.-vz, plot. This corresponds to the case where the driving- 
point variable is uv; and the transfer variable is i;, as shown in 
Fig. 5-1le. An example of this type of TC plot, obtained by 
plotting the data in column ig (that is, with 7 = 2) with respect 
to x = vx, is Shown in Fig. 5-11f. 


4. i;-vs.-ix plot. This corresponds to the case where the driving- 
point variable is i, and the transfer variable is i;, as shown in 
Fig. 5-1lg. Figure 5-11h is an example of this type of TC plot, 
obtained by plotting the data in column i, (that is, with 7 = n) 
with respect to x = ig. 


The definitions of DP and TC plots actually tell us that any 
Uj-VS.-X OF ij-VS.-x Curve which is not a DP plot must be a TC plot. 
Observe also that in the v;-vs.-x plots shown in Fig. 5-115 and d, 
vj corresponds to the voltage across the transfer terminals with 
i; = 0. We emphasize again that any vu;-vs.-x curve describing a 
transfer characteristic is valid only under the condition that the 
transfer terminals are left open, thus ensuring that i; = 0. If we 
connect across the transfer terminals a two-terminal black box 
often referred to as the /oad, then i; 4 0, and the original v;-vs.-x 
TC plot will be altered. The amount of change or discrepancy from 
the original plot is often referred to as the loading effect. Similarly, 
the i;-vs.-x plots shown in Fig. 5-11f and h are valid only if v; = 0, 
that is, the transfer terminals are short-circuited. 
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Fig. 5-11. Examples of the four 
different types of TC plots. 
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5-3 SOME PRACTICAL EXAMPLES 


The concepts of the DP and TC plots rank foremost in importance 
among all concepts to be introduced in this book. As we shall see, 
these concepts pop up over and over again in both resistive and 
dynamic nonlinear networks. Before turning to a rigorous presen- 
tation of the analysis (Chaps. 6 and 7) and the synthesis (Chap. 8) 
of DP and TC plots, let us consider a few simple examples of 
some of the many applications of these basic concepts. 


5-3-1 ISOLATION BLOCK FOR INTEGRATED CIRCUITS 


Because the development of integrated-circuit technology was 
based originally on the mass fabrication of devices such as tran- 
sistors and diodes on a single “chip” of material, such as silicon, 
many new practical constraints were created. Among them is the 
fact that it is more economical to fabricate transistors and diodes 
than linear resistors. Moreover, for linear resistors the resistance 
value compatible with present technology is relatively low. Another 
problem is isolation. Because all devices are, in a way, grown on 
the same base, known as a substrate, it is necessary to provide 
enough isolation so that each device will behave independently. 
One practical method to achieve this isolation is to fabricate two 
junction diodes back-to-back and sandwich them between the two 
regions to be isolated, as depicted symbolically by the drawings 
shown in Fig. 5-12a. If the isolation is perfect, there should be no 
current flowing from region | to region 2, and vice versa. How- 
ever, a current i does flow when a voltage v exists across the two 
Fig. 5-12. The relationship be’ ~— regions. In order to be able to include this effect in the final de- 
tween 0 and fof the ‘soate” sign, it is necessary to find the relationship between v and i. If we 


black box is simply the DP plot 
of the two diodes in series. 
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enclose the two diodes by a box as shown in Fig. 5-125, then the 
desired v-i relationship is, by definition, the DP plot of this black 
box. 

For this simple circuit, it is possible for us to derive the DP 
plot analytically. Let us represent the diodes by the approximate 
relationship given earlier by Eq. (1-14); thus 


iy = I,(e™ — 1) 


in = I,(ek2 — 1) (5-9) 


Equations (5-9) represent the laws of the elements. The laws of 
interconnection are 


KVL: V = V1 — Ve (5-10) 
KCL: ith —i5 (5-11) 
Since our objective is to solve for v as a function of i, or vice versa, 


an inspection of Egs. (5-10) and (5-11) suggests that we solve for v, 
and v2 from Eq. (5-9) in terms of i; and iz; thus 


n= in (4) 


E if 
ae at fe) 
m= in ( iz 


(5-12) 


Substituting Eqs. (5-11) and (5-12) into Eq. (5-10), we obtain, 
after some simplification, 


ae in (2 +~) (5-13) 


Since we normally plot the current as the vertical axis (by tradi- 
tion), let us solve for i in terms of v from Eq. (5-13) to obtain 


kv _ 
i= (5-14) 


This is the equation of the DP plot across the two diodes. It can 
be easily plotted by observing that i— I, asv— oo, andi —I, 
as v —> — oo. Moreover, this curve is symmetrical with respect to 
the origin, as shown in Fig. 5-12c. In practice, the current /, 
is called the saturation current and is usually very small, a few 
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1See Prob. 1-4 of Chap. 1. 


Resistive nonlinear networks 


microamperes. From this DP plot, we observe that the magnitude 
of the leakage current i increases with the voltage v and eventually 
approaches the saturation current J,. Since J, is a very small cur- 
rent, it is clear that the isolation is quite good. If we define the de 
resistance at each point on the DP plot to be Rac = v/i and the ac 
resistance to be Rac = dv/di, we obtain 


ev + | 
ekv — ] 
2 


(5-15) 


Io 


Rie = — 
Kol? 2 


Rae = (5-16) 


v 
I, 
2 
k 
It is easy to see that these resistances represent fairly high values, 


and hence this is one practical method for obtaining high resist- 
ances in integrated circuits. 


Exercise 1: (a) Derive Eqs. (5-12) to (5-16). (b) Sketch Rac versus v and Rac 
versus i. 


Exercise 2: Consider the dual topology where the junction diodes are connected 
in parallel with opposite polarities. (a) Show that the DP plot is given by 7 = 2/, 
sinh kv. (b) Why is the equation not similar in form to Eq. (5-13)? (c) Derive the 
corresponding expressions for Rac and Rac. 


5-3-2 A SQUARE-LAW TRANSFER-CHARACTERISTIC PLOT 


The simple circuit shown in Fig. 5-13a has a number of very prac- 
tical applications. In practice, such a circuit is usually designed to 
perform a certain operation on the input signal v,(7) to give a de- 
sired output signal v,(7). If we maintain i, = 0, then this operation 
is completely specified by the vo-vs.-v; TC plot because once this 
relationship (either analytically or graphically) is known, we can 
obtain the output voltage v,(7) corresponding to any input voltage 
v(t). For example, if v, = A In v; and v(t) = 2 + sin wt, then 
Uo(t) = A In (2 + sin wf). A circuit with the above TC plot is called 
a logarithmic amplifier and is useful in such diverse applications as 
radar, nuclear instrumentation, and dynamic range extenders. 

To derive the TC plot, let us assume that the nonlinear resis- 
tor is characterized by vy = fi(i1) and obtain the equations 


Vj = fil) + Ri (5-17) 


and 


Vo = Ri (5-18) 
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(d) 


We can eliminate i by substituting Eq. (5-18) into Eq. (5-17) 
to obtain 


n= fi(%) + 0 =f) (5-19) 


This equation specifies the v,-vs.-v; TC plot in the v;-v, plane. 
Since we would normally plot the independent variable vu; as the 
horizontal axis, it is convenient to solve for v, as a function of v; 
from Eq. (5-19) to obtain 


U= g(Vi) (5-20) 


where g(vi) =f (vi) is simply the inverse function of f(U9).f 
In general, Eq. (5-20) is either multivalued or cannot be so 
expressed in terms of elementary functions. But in any case, its 
TC plot can be plotted directly from Eq. (5-19). 

As a very common application, let us choose the nonlinear 
resistor to be a varistor (Fig. 5-13b) with its v;-i; curve represented 
approximately by? 


Uy = ai, = fi(is) (5-21) 
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Fig. 5-13. Any circuit with a 
square- law TC plot can be used 
as a basic building block for 
designing a multiplication cir- 
cuit. 


{Recall that the inverse f-1 
of a function f exists if, 
and only if, fis a strictly 
monotonic function. 


1Jn practice, the varistor is 
usually called a Thyrite, a 
registered trademark of the 
Carboloy Department of 
the General Electric Com- 


pany. 
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1 For more practical details 
on the design of this TC 
plot, see L. D. Kovach and 
W. Comley, Nonlinear 
Transfer Functions with 
Thyrite, JRE Trans. Elec- 
tron Computers, pp. 91-97, 
June, 1958. 


2 A true square-law circuit 
is characterized by v, = 
kv? for all v;. Although 
there are other circuits 
with this TC plot, for sim- 
plicity we shall use our 
present circuit with v; > 0. 
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The practical values of a and £ usually lie in the range 10 Ca < 
5,000, and 0.10 < 6 < 0.45. Substituting Eq. (5-21) for f; in Eq. 
(5-19), we obtain 


ese (=) oa (5-22) 
The slope of this TC plot is readily obtained to be 

sles ce (=) 5-23 
Qi pe Rue Nis eee CF 


since (1 — 8) > 0 for 0.10 < B < 0.45. Therefore, this TC plot is 
a strictly monotonically increasing curve and possesses an inverse 
in the form of Eq. (5-20). For a given varistor, the exact values of 
a and 8 can be measured, and an appropriate value of R can be 
found by the graphical methods in Chap. 6 so as to best approxi- 
mate a square-law TC plot! 


Us = 1 


=> kv;2 


for all v; > 0 


(5-24) 
for all vu, < 0 

This particular TC plot is useful in many applications. Accordingly, 
we shall denote the corresponding circuit by the symbol shown in 
Fig. 5-13c where both v; and v, are measured with respect to 
ground (not shown for simplicity).? 

One of the most common applications of a square-law circuit 
is the multiplication of two voltages v,(¢) and ve(Z). It is based on 
the identity 
UyV2 = (V1 + V2)? — Ya(vy — ve)? (5-25) 
With the help of the summing and phase-inverting components 
presented in Sec. 3-6-2, it is easy to see that the circuit shown in 
Fig. 5-13d constitutes a realization of the relationship 
Up = U1V2 (5-26) 
Hence, in addition to the list of basic mathematical operations 
discussed in Sec. 3-6-2, we can now also perform multiplication. 


Exercise 1: (a) Show that the logarithmic amplifier can be realized by the circuit 
shown in Fig. 5-13a if the nonlinear resistor is replaced by a resistive black box 
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with the DP plot v; = e* — i,R, where k = R/A. (b) Considering the above pro- 
cedure, discuss the general method for finding an appropriate DP plot in order 
to realize a prescribed TC plot. 


Exercise 2: Derive a general v,-vs.-v; TC plot relationship analogous to Eq. (5-19) 
if the two resistors in Fig. 5-13a are interchanged. 


Exercise 3: Explain why it is that the two square-law circuits may be connected 
as shown in Fig. 5-13d without introducing loading effects. 


5-4 THE POWER-TRANSFER PLOT 


Any physical device must be operated below its maximum power 
rating. For a dc-resistive network, the power dissipated in each 
device can be found by determining first the operating points of 
the network. In the case of a two-terminal nonlinear resistor, the 
operating point must be restricted between the maximum-power 
hyperbola vi = Pmax, where Pmax is the maximum power rating of 
the device, and the axes. For example, the operating point on the 
varistor v-i curve shown in Fig. 5-14a must be restricted from the 
shaded region. In the case of a three-terminal nonlinear resistor, 


tp 
Forbidden 
region 


Maximum-power 
hyperbola vi = P. 


max 
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Fig. 5-14. The power dissi- 
pated in any two-terminal or 
three-terminal device must lie 
under the maximum-power 
hyperbola at all times. 


Forbidden 
region 


U 


Forbidden 
region 


(a) 


dc-resistive 
network 


(c) 
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De max 


(b) 


3-terminal 
resistor 


dc-resistive 
network 
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the total input and output power Pr = vii; + Uei2 must not exceed 
the maximum rating. In many practical devices, such as the FET, 
the input power vyi; is usually negligible and hence Pr = viz. For 
example, the operating point on the drain-to-source characteristic 
curves of the FET shown in Fig. 5-145 must lie between the 
maximum-power hyperbola vei2 = Pmax and the axes ig and v2. 

For ac networks, the operating point varies with time, and 
hence it becomes rather impractical to solve for the operating 
points for all times. Fortunately, most practical ac networks of in- 
terest consist of a dc network driven by a single ac independent 
voltage source. In this case, it is more convenient for us to solve 
for the maximum range of voltages that can be applied without 
exceeding the ratings of the elements in the network. In most 
cases, the elements of interest are usually two-terminal or three- 
terminal nonlinear resistors. For the sake of discussion, let us ex- 
tract the nonlinear resistor under consideration as shown in Fig. 
5-14e and d. 

Consider first the case of the two-terminal resistor. The power 
dissipated in this resistor is given by p = vi. If we solve for 
the v-vs.-v; and the i-vs.-v; TC plots 


v = f(r) 

i = g(vi) 

we obtain 

P = frigvi) = h@) (5-27) 


This relationship represents the power dissipated in the nonlinear 
resistor in Fig. 5-14c as a function of the ac voltage v;, and 
is called the power-transfer plot. Once this relationship is found, the 
range of the input voltage that can be applied is easily obtained. 
If the resistor is passive, then P > 0 for all v; as shown by the typical 
power-transfer plot in Fig. 5-15a. In this case, the range of allow- 
able voltage is given by E2 < vj < Fj. If the resistor is active, then 
P may be negative as shown by the typical power-transfer curve 
in Fig. 5-155. In this case, there are two nonoverlapping ranges of 
permissible voltage, namely, Ez < vj < EF, and Ey <u; < E3. 

Consider next the three-terminal resistor case shown in Fig. 
5-14d. The power-transfer plot is now defined by 


P = fivigi(vi) + fo(ri)ge(vi) (5-28) 
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Fig. 5-15. Typical examples of 


Ne se 
, WV 
Yy the power-transfer plot of (a) 


p 
% 
Y 
passive and (b) active nonlinear 
(a) (b) resistors. 


where v1 = fi(¥s), i1 = g1(¥i), Ve = fo(vi), and ig = go(v;) are the 
TC plots from the respective terminal variables of the three- 
terminal resistor to the driving-point voltage. In many practical 
three-terminal resistors, the power entering port 1 of the resistor 
is negligible, in which case Eq. (5-28) reduces to 


P = falvi)ga(vi) (5-29) 


The utility of the power-transfer plot is now obvious; it gives 
the designer a complete picture of how much power is dissipated 
in a nonlinear resistor corresponding to any value of the applied 
input voltage. Equations (5-27) and (5-28) show that this power- 
transfer plot can be found by multiplying appropriate TC plots.1 
This is another occasion where the concept of TC plots is useful. 


Exercise 1: Derive similar relationships for the power-transfer plot for the case 
where the ac-voltage source is replaced by an ac-current source. 


Exercise 2: In most practical circuits, the TC plots must be found in graphical form. 
Give a simple, graphical procedure for obtaining the power-transfer plot. 


Exercise 3: Show that if the v-i curve of the nonlinear resistor in Fig. 5-14c 
is characterized by a current-controlled curve v = v(i), then the power-transfer 
plot defined by Eq. (5-27) can be found from this v-i curve and the i = g(v;) TC 
plot. Give a graphical construction procedure. HINT: Use the graphical composi- 
tion technique given in Appendix B. 


Exercise 4: Show that the power-transfer plot in Exercise 3 can be found directly 
from the v-i curve i = i(v) of a voltage-controlled resistor and the v = f(v;) TC 
plot. Give a graphical construction procedure. 


5-5 THE OPERATING-POINT PARADOX 


It was mentioned in Sec. 5-1 that a resistive network may have 

1 Actually, only one TC plot 
one operating point, a finite number of operating points, an jgeds to be found. See 
infinite number of operating points, or no operating point at all. —_ Exercises 3 and 4. 
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1 A network is solvable if it 
has at least one solution. 
We shall exclude unsolv- 
able networks in this book 
because they are only of 
academic interest. 
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This statement seems to contradict what we observe physically, 
namely, that any physical network can have one, and only one, 
operating point at any one time. Something must be wrong 
somewhere! 

Actually, there is nothing wrong in both statements above. 
The paradox can be resolved upon recognizing that no physical 
network is purely resistive. Some parasitic inductances in the 
wires and some parasitic capacitances between conductors are in- 
variably associated with any physical network. Consequently, 
when we consider a resistive network, we are actually dealing with 
a nonphysical network. We have no reason, therefore, to expect a 
nonphysical network to yield physical answers. 

But why study a nonphysical network? The reason is simple: 
as will be shown in Part 3 of this book, the analysis of any 
dynamic network WN invariably requires a preliminary analysis of 
a resistive subnetwork N’ obtained from the former by replacing 
all inductors in N by short circuits and all capacitors in N by open 
circuits. The fact that N’ may have more than one operating point 
corresponds to the physically observed fact that a network may 
be forced to operate at one of the several possible operating 
points at any one time. For example, a well-known circuit called 
the flip-flop is a dynamic network which can be made to operate 
at one of two possible states. It will be shown in Chap. 13 
that these two states can be found by solving for the operat- 
ing points of the associated resistive subnetwork. This observation 
alone justifies a detailed study of resistive networks. As a matter 
of fact, the reader will soon discover for himself that a mastery of 
the basic concepts in nonlinear resistive networks is crucial to a 
complete understanding of dynamic networks. The study of non- 
linear resistive networks therefore serves as a means to an end, 
rather than the end itself. 


5-6 THE THREE FUNDAMENTAL THEOREMS OF RESISTIVE NETWORKS 


We have presented here three fundamental concepts, the operating- 
point concept, the DP plot concept, and the TC plot concept. We 
have demonstrated that at any time /, these concepts are well- 
defined and meaningful for any solvable resistive network.1 The 
network may contain any number of n-terminal resistors, in- 
dependent sources, ideal transformers, gyrators, and controlled 
sources. In other words, no matter how complicated the network 
is, we can always talk about its operating point at any given time f. 
Moreover, if we pick any one of the dc sources in a dc-resistive 
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network and vary its terminal voltage or current, we can plot the 
resulting current (through an arbitrarily chosen wire) or the volt- 
age (across an arbitrarily chosen pair of terminals) as a function 
of the terminal current or voltage of the dc source. This means that 
no matter how complicated the dc network is, we can always talk 
about the DP plot across a pair of driving-point terminals created 
either by a soldering-iron entry or by a pliers-type entry. We can 
also talk about the TC plot between a driving-point variable and 
an output variable, where either variable may be a current or a 
voltage. For ac networks, the concepts of DP and TC plots are 
still valid, but they will vary with time. The crucial property that 
ensures the validity of these concepts is the fact that the equations 
of motion of any resistive nonlinear network is always a system 
of nonlinear functional equations. In view of their fundamental 
importance, we shall summarize the above results as two separate 
theorems. 


THE FIRST FUNDAMENTAL THEOREM OF RESISTIVE 
NETWORKS, THE DP PLOT THEOREM 


At any time ¢, a DP plot always exists across any pair of driving- 
point terminals created (either by a soldering-iron entry or by a 
pliers-type entry) across any solvable resistive nonlinear network. 
This DP plot can be determined either by the methods to be 
presented in the following chapters or by actual measurements. 
Moreover, in the case of a de network, the DP plot can be in- 
terpreted as the v-i curve of an equivalent two-terminal resistor 
obtained by considering the entire network as a two-terminal 
black box. 


THE SECOND FUNDAMENTAL THEOREM OF RESISTIVE 
NETWORKS, THE TC PLOT THEOREM 


Given any solvable resistive nonlinear network and an input 
variable representing either a voltage source or a current source 
across some driving-point terminals, then at any time ¢ a TC plot 
always exists relating an arbitrary output variable, which may be 
either the current through some wire or the voltage across some 
pair of terminals, as a function of the input variable. This TC plot 
can be determined either by the methods to be presented in the 
following chapters or by actual measurements. 


Another fundamental result that we shall find much use for 
later is the uniqueness theorem. Since a complete proof of this 
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+ This property is generally 
not true for the remaining 
two types of TC plots. 
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theorem is too complicated to be given in an introductory book 
of this nature, we shall only state it here. 


THE THIRD FUNDAMENTAL THEOREM OF RESISTIVE 
NETWORKS, THE UNIQUENESS THEOREM 


Let N be a resistive network containing only two-terminal resistors 
and independent sources (no controlled sources). If the v-i curve 
of each resistor is a strictly monotonically increasing function 
which tends to +o as v tends to oo, and if N contains neither 
loops of voltage sources nor cut sets of current sources, then the 
following statements are always true: 


1. Regardless of the instantaneous values of all independent (ac 
and dc) voltage and current sources, the network N has one, and 
only one, solution for all time f. 


2. The DP plot across any pair of driving-point terminals is 
always a strictly monotonically increasing curve. 


3. The magnitude of the slope at any point on a U2-vs.-v; TC plot 
or an i2-vs.-i; TC plot is always less than or equal to 1.7 


5-7 SUMMARY 


Three basic concepts of resistive nonlinear networks 


1. The operating point is simply the solution of a resistive non- 
linear network. 


2. The driving-point characteristic plot (DP plot) gives the rela- 
tionship between the driving-point current i and driving-point 
voltage v. It can be interpreted as the v-i curve of a black box. 


3. The transfer-characteristic plot (TC plot) gives the relationship 
between the voltage across (or the current through) a pair of 
transfer terminals and the voltage v or the current i across a 
pair of driving-point terminals. Accordingly, there are four types 
of TC plots: 


a. Up-VS.-U; plot b. ip-vs.-i, plot 
C. Ug-VS.-i; plot d. ig-vs.-v; plot 


Power-transfer plot This plot gives the relationship between the 
power P dissipated in a nonlinear resistor and the driving-point 
voltage v or the driving-point current i. The power-transfer plot 
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can be determined by multiplying an appropriate TC plot and the 
resistor v-i curve. 


First fundamental theorem A DP plot exists across any driving-point 
terminals of a resistive nonlinear network. 


Second fundamental theorem A TC plot exists between any pair of 
transfer terminals and driving-point terminals. 


Third fundamental theorem Any resistive network containing only 
strictly monotonically increasing resistors (such that |i] — oo as 
|v| > 00) possesses (1) a unique solution, (2) a strictly monotoni- 
cally increasing DP plot across any driving-point terminals, and 
(3) a U2-Vs.-v1 OF i2-vs.-i; TC plot with slopes less than or equal to 


unity. 


PROBLEMS 


5-1 Consider the network shown in Fig. P5-1 where the nonlinear re- 
sistor is characterized by 


i4 =U U4 << 0 

ins De v4 > 0 

(a) Find the operating point; that is, find uv; and j; for all 
sige aw ee nea te? 


(b) If the sources in Fig. P5-1 are replaced by 
UT = 17 — 5 cos ft 
ve = 14 cost + % cos 2t 


find the solution vf) and it) for all ¢>0 and for all 
fare a2 dantg Ds 

(c) Compare your answers for (a) and your answers for (5) at 
t = 0. Based on this observation, explain how an ac-resistive 
nonlinear network can be analyzed as a number of operating- 
point problems at various instants of time. 

(d) On what occasions will your conclusion in (c) be useful? 


2/32 


Fig. P5-1. 
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5-2 For the network shown in Fig. P5-1: 


5-3 


5-4 


(a) 


(b) 
(c) 


(d) 


Find the DP plot across the terminal pair formed by a 
soldering-iron entry across terminals a-b. Assume terminal a 
to be the positive terminal. 

Repeat (a) across terminals b-d with terminal b chosen to be 
the positive terminal. 

Find the DP plot across the terminal pair formed by a pliers- 
type entry through the wire connecting terminal b with the 
%-Q resistor. Assume terminal b to be the positive terminal. 
Repeat (c) through the wire connecting terminal d with the 
nonlinear resistor. Assume terminal d to be the positive 
terminal. 


For the network shown in Fig. P5-1: 


(a) 


(b) 


(c) 


(d) 


(a) 


(b) 


(c) 


(d) 


Find the TC plot between the voltage v3 and the voltage 
v across the pair of driving-point terminals formed by pliers- 
type entry between terminal b and the nonlinear resistor. 
Assume terminal b to be the positive terminal. 

Find the TC plot between the current i, and the voltage 
v across the pair of driving-point terminals formed by pliers- 
type entry between terminal c and the %-Q resistor. Assume 
terminal c to be the positive terminal. 

Find the TC plot between the current i, and the current 
i entering terminal b of the driving-point terminals formed by 
a soldering-iron entry across terminals b-c. 

Find the TC plot between the voltage v3 and the current 
i entering terminal b of the driving-point terminals formed by 
a soldering-iron entry across terminals b-d. 


Let Uap be the voltage between any pair of nodes a-b of a de- 
resistive nonlinear network N as shown in Fig. P5-4a. Let v 
be the voltage across the driving-point terminals formed by a 
soldering-iron entry across nodes a-b as shown in Fig. PS-4b. 
Prove that the voltage va, can be found by determining the 
voltage at the point of intersection between the DP plot 
i versus v with the v axis. 

Find the values of v3 and v4 associated with the network in 
Fig. P5-1 by applying the method given in (a) to the DP plots 
obtained in Prob. 5-2a and b. 

Let iqy be the current in any wire of a dc-resistive nonlinear 
network WN as shown in Fig. P5-4c. Let i be the current enter- 
ing the driving-point terminals formed by a pliers-type entry 
through the wire as shown in Fig. P5-4d. Prove that the cur- 
rent i4, can be found by determining the current at the point 
of intersection between the DP plot i versus v with the i axis. 
Find the values of i; and i4 associated with the network in 
Fig. P5-1 by applying the method given in (c) to the DP plots 
obtained in Prob. 5-2c and d. 
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5-5 (a) For the network shown in Fig. P5-5 determine and sketch the 


(b) 
(c) 


TC plot uv, versus v4. 

If v(t) = 8 sin wt, find v,(¢) using the TC plot obtained in 
(a). Interpret your procedure graphically. 

If an R-ohm linear resistor is connected across terminals c-d 
of the network in Fig. P5-5, find the TC plot v, versus v, in 
terms of R. Sketch the TC plots for R = 0, 2, 10, oo. Interpret 
the loading effect due to R. Can you use the TC plot found 
in (a) as an aid in finding these TC plots? 


5-6 Consider the resistive nonlinear network shown in Fig. P5-6a. Re- 
sistor R; is described by v1 = —% for iy < —1 and v, = ii? 
for i; > —1. Resistor R2 is described by v2 = 3:22. 


5-7 


(a) 


(b) 
(c) 


(d) 


Derive and sketch the DP plot i versus v if J; is a current-con- 
trolled current source given by J, = Si. 

Repeat (a) for values of I, equal to 2 and 4. 

Repeat (a) if J; is an ac-independent current source described 
by the time function shown in Fig. P5-6. 

Repeat (c) if I(t) = 2t. 
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Fig. P5-5. 


(a) 


Consider the network shown in Fig. P5-7a where the nonlinear re- 
sistor is characterized by i = 4703. 


(a) 
(b) 
(c) 


Find the TC plot vs versus 1}. 
Find the TC plots vg versus v1 and ve versus 0}. 
Consider the network configuration shown in Fig. P5-7b. Sup- 


Fig. P5-6. 
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Fig. P5-7. 


Fig. P5-8. 
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pose the TC plots veq versus v1 and Upq versus v1 are given. 
Show how to determine the TC plot vq versus U4. 

(d) Repeat (a) using the method given in (c) and the TC plots ob- 
tained in (5). 

HINT: Consult any standard mathematical handbook for a formula 

giving the solutions of a cubic equation. 


O— Veg + 9 


hie 
(b) 


5-8 For the network in Fig. P5-8, the three nonlinear resistors are 


characterized by 

4. = fA = 01" + 204 

ig = fo(v2) = Sve — 023 

ig = f3(v3) = v3? 

The three-terminal resistor is characterized by 

ig = f4(V4,05) = U5? — 20405 + 204? + 5 

is = f5(V4,05) = U5? — U5? — vg? + 10 

(a) Find the operating point with v = 0. 

(b) Find the DP plot i versus v across terminals a-b. 
(c) Find the TC plot of ve versus v. 


R 3 
3 oe 


3-terminal 
resistor 
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5-9 For the network in Fig. P5-9, the two nonlinear resistors are 
characterized by 


V1 = fala) = Vi? — '%iy 

ig = fo(V2) = Yave3 — 1% 

The three-terminal resistor is characterized by 

V4 = fa(i4,05) = —Sig + %v5 + Yvs3 

is = fo(ia,05) = —10i4 + Yv53 + 2 

(a) Find the operating point with v = 0. 

(b) Find the DP plot across terminals a-b analytically; i.e., find a 


relationship of the form f(i,v) = 0. 
(c) Find the TC plot of vz versus v. 


3-terminal 
resistor 


Fig. P5-9. 


5-10 Consider the network in Fig. P5-10 where the nonlinear resistor R3 
is characterized by v3 = 2i3°. 

(a) Find the TC plot 73 versus i. 

(b) Let P3 be the power dissipated in resistor R3. Use the relation- 
ship found in part (a) and the characteristic of R3 to find the 
power-transfer plot P3 versus 7. 

HINT: Consult a mathematical handbook for a formula giving the 

solutions to a cubic equation. 


Fig. P5-10. 
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5-11 Consider the network shown in Fig. P5-11, where the nonlinear re- 
sistors are characterized as follows: 
Ry: y= 2141/3 
IRE ig = 4v93 — 2ve 
R3: i3 = 4033 + 2v3 
The maximum allowable power dissipation for R3 is 100 watts. 
(a) Analytically find the power-transfer plot P3 versus v. Deter- 

mine the allowable range for v. 


(b) Find the TC plot v3 versus v. Use this TC plot and the DP 
P 1% 
plot of R3 to find P3 versus v graphically. 


Fig. P5-11. 


5-12 The network in Fig. P5-12 contains two independent sources and a 
nonlinear resistor characterized by v = 3i8 — %i. Find the power 
dissipated in the 1-Q resistor as a function of v; and vp. 


Fig. P5-12. 


Px TS NPY & iy Sw AR &E-® KF SS ¥ PY 
m= ede cd mw CCF ASITAL YO e 
6 GRAPHICAL ANALYSIS 
a 


6-1 A BIRD’S-EYE VIEW 


In this chapter, we shall present a unified graphical approach for 
determining the operating points, the DP plots, and the TC plots 
of resistive nonlinear networks. We shall first consider series- 
parallel networks containing only two-terminal resistors and de in- 
dependent sources. By a series-parallel network, we mean a net- 
work made up of successive series and parallel combinations of 
two or more two-terminal elements connected in series or in 
parallel. When a given network contains only a few elements (say 
less than 10), we can usually determine by inspection whether it 
is series-parallel. However, when the network is complicated, a 
systematic test is desirable. One simple test consists of drawing 
the graph of the network and then replacing each set of parallel 
branches and each set of series branches of the graph by a single 
branch. The resulting graph would contain fewer branches, some 
of which may again be in series or in parallel. These branches are 
replaced by one branch as before. This procedure is repeated as 
many times as possible. If the final graph reduces to a single 
branch, the network is series-parallel. 

To illustrate the above test, consider the network shown in 
Fig. 6-1a and its graph in Fig. 6-1b. The sets of branches {1,2} and 
{5,6} are in parallel and are replaced by branches a and £, respec- 
tively, in Fig. 6-1c. Similarly, the sets of branches {3,4} and {7,8} 
are in series and are replaced by branches y and 6, respectively, in 
Fig. 6-1c. From this simplified graph, we observe that the set of 
branches {a,y} is in parallel and the set of branches {8,6} is 
in series. Accordingly, they are replaced by a’ and f’, respectively, 
in Fig. 6-1d. This leads to the single-branch graph shown in Fig. 
6-le, and hence the network is series-parallel. Suppose now 
we move the resistor Rg from node c into node b as shown 
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Fig. 6-1. If each set of series 
branches and each set of par- 
allel branches of a series-par- 
allel network is replaced re- 
peatedly by a single branch, 
the resulting graph must re- 
duce to one branch. 


1A network which contains 
one or more three-terminal 
elements is also non-series- 
parallel because the terms 
“series” and “parallel” are 
meaningful only for inter- 
connections between two- 
terminal elements. 
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in Fig. 6-2a. The resulting graph shown in Fig. 6-2b can be 
reduced to that shown in Fig. 6-2c, but no further. Hence, this net- 
work is non-series-parallel.t 

The class of series-parallel networks is important not only be- 
cause many practical networks belong to it, but also because it is 
especially amenable to a graphical analysis. We shall present several 
simple, graphical procedures for determining the operating points, 
the DP plots, and the TC plots of any series-parallel networks. 
These basic procedures will then be generalized to analyze an im- 
portant class of non-series-parallel networks. In particular, we 
shall formulate a number of graphical procedures for analyzing a 
subclass of nonlinear resistive networks containing two-terminal 
resistors, three-terminal resistors, and dc independent sources. 
However, we shall not include controlled sources in this chapter, 
because so far, no general graphical procedure is known for 
analyzing nonlinear networks containing controlled sources. 


Exercise 1: Classify each of the following networks according to whether it 
is series-parallel or not: (a) the network in Fig. 4-2a; (b) the network in Fig. 4-44; 
(c) the network in Fig. 4-7a. 


Exercise 2: (a) Show that any network of two-terminal elements containing 
no more than three nodes is series-parallel. (b) Show that any ‘‘ladder’’ network 
is series-parallel. 


6-2 GRAPHICAL DETERMINATION OF THE OPERATING POINT 


In order to determine the operating point, we must solve for the 
set of voltages and currents which simultaneously satisfies the 
equations of motion of a given dc-resistive nonlinear network. 
This task in concept consists of systematically eliminating one or 
more variables from the system of equations of motion, and 
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(a) (b) 


eventually reducing the system of equations into one equation in 
one unknown. However, as was pointed out in Chap. 5, the equa- 
tions of motion of most practical de-resistive nonlinear networks 
usually contain functions specified graphically in the form of 
curves. Hence, the approach described above is not directly 
applicable. Instead, we apply the graphical approach, which is 
actually the implementation of the conceptual approach in graph- 
ical form. In this section, we shall present several graphical pro- 
cedures for determining the operating points of two basic network 
configurations. Most of these procedures are used to carry out 
graphically the elimination and substitution operations required in 
the solution of nonlinear equations. 


6-2-1 BASIC NETWORK CONFIGURATION 1, INTERCONNECTION 
BETWEEN 2 TWO-TERMINAL RESISTORS 


The simplest network configuration involving two nonlinear re- 
sistors is shown in Fig. 6-3a. One of the two resistors is commonly 
referred to as the load. For convenience, we shall usually refer to 
the resistor with the simpler! v-i curve as the load. For example, 
suppose resistors R; and Rp» are characterized, respectively, by the 
curves shown in Fig. 6-3b and c. Then R» will be referred to as the 
load since its v-i curve is simpler than that for resistor R,. To find 
the operating point of this network, we must first write the follow- 
ing equations of motion: 


Equations from the laws of elements? 
Alis,01) = 0 (6-1a) 
J2li2,v2) = 0 (6-1b) 


Fig. 6-2. An example showing 
how a non-series-parallel net- 
work fails the test. 


1A curve is said to be sim- 
pler than another if it can 
be approximated by fewer 
piecewise-linear segments. 


2TIn order to include both 
current- and voltage-con- 
trolled resistors, as well as 
multivalued resistors, we 
have chosen the notation 
Filis,1) =0 and f2(i2,v2) =(0) 
to denote the v-i curves of 
R, and Ro, respectively. 


256 Resistive nonlinear networks 


(a) 


f, Gi, v,)=0 


Load line 


(e) 


Fig. 6-3. The graphical proce- 
dure for determining the oper- 


se Equations from the laws of interconnection 
ating point of a resistive non- 


linear network in basic con- Vo = Uy (6-1c) 

figuration 1 by the load-line 

method. Io = —1, (6-1d) 
Substituting Eqs. (6-lc) and (d) into Eqs. (6-la) and (6), we 
obtain 
Aiis,01) = 0 (6-2a) 
fx —i1,v1) = 0 (6-2b) 


The operating point can be found by solving for i, and v; from 
these equations. Equation (6-2a) is still the vy-i; curve shown in 
Fig. 6-3b. However, Eq. (6-25) represents a curve related to the 
U2-i2 Curve in Fig. 6-3c but with the current coordinates reversed 
in sign. Hence, Eq. (6-25) represents a curve obtained by reflect- 
ing the v2-i2 curve in Fig. 6-3c with respect to the v2 axis, as shown in 
Fig. 6-3d. Since the operating point must satisfy both Eqs. (6-2a) 
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and (5), it can be found by superimposing the curve fo(—i1,v1) = 0 
(Fig. 6-3d) on top of the curve /i(i1,v1) = 0 (Fig. 6-35). The point 
where the curves intersect is the operating point. In Fig. 6-3e, this 
point is labeled Q and has the coordinates (F;,J;) in the v4-i; 
plane. Once £; and J; are found, the remaining coordinates can 
be determined from Eqs. (6-lc) and (d), namely, ig = —J, and 
v2 = £;. Thus, the operating point is completely specified by the 
four values (£1,F3,/;,,—1;). The reflected curve shown in Fig. 6-3d 
is usually called the Joad line, because it is obtained from the v-i 
curve of the load. Accordingly, the above method is often referred 
to as the /oad-line method. 

There is an alternate and perhaps more intuitive way of inter- 
preting the load-line method. Instead of substituting Eqs. (6-1c) 
and (d@) into Eq. (6-1), let us enclose R2 by a black box and de- 
fine the terminal variables i3 and v3 as shown in Fig. 6-4a. Since 
iz = —ig and v3 = Uo, the v3-i3 curve of the black box must be as 
shown in Fig. 6-4b. Observe that this curve is identical with the 
load line in Fig. 6-3d. Since the laws of interconnection for this 
network are given by i; = i3 and v; = v3, the operating point is 
simply the intersection between the v1-i; curve of R; and the v3-i3 
curve of the black box, as shown in Fig. 6-4c. In both cases, we 
obtain the same answers, as they should be. These two methods 
are obviously applicable to any network which can be redrawn as 
an interconnection between two black boxes in basic configuration 
1, provided the DP plot of each black box is given or can be 
determined. 


EXAMPLES 


1. Consider the simple switching circuit shown in Fig. 6-5a and 
the tunnel diode v;-i; curve shown in Fig. 6-5b. The black box 


3 


(b) 
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Fig. 6-4. An alternate method 
for finding the operating point 
of a network in basic configu- 
ration 1. 
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Fig. 6-5. Asimple tunnel-diode 
switching circuit. 
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representing the resistor-battery combination is represented by 
the DP plot 


Uo = Rip E — 500i2 + 0.45 


The load line is obtained by substituting ig = —i; and ve = v1 
in this equation to obtain 


Dy = —(500)i1 + 0.45 


The load line corresponding to this equation is drawn on top 
of the vj-i; curve in Fig. 6-5b. Observe that there are three op- 
erating points, namely, Q1:(v;=0.05 volt, ij =0.8 ma); Qo:(V1= 
0.135 volt, i; = 0.6 ma); and Q3:(v1 = 0.35 volt, ij = 0.2 ma). 

Since the load consisting of a linear resistor R in series with 
a battery E is quite common in practice, it is worthwhile to be 
able to draw the corresponding load line by inspection. This 
can be done by remembering that the voltage intercept is equal 
to E, and the current intercept is equal to E/R. Observe that 
the effect of changing the value of the voltage E is simply to 
move the load line parallel to itself, and the effect of changing 
the value of R is to change the slope of the load line. Hence if 
the value of E in Fig. 6-5a is too large or too small, there will 
be only one operating point. Similarly, if the load line is 
exactly tangent to the middle portion of the tunnel diode v,-i 
curve, there will be two operating points. In practice, of course, 
only one operating point is observable at any one time. Which 
of these possible operating points is actually attained at a given 
time is decided by the parasitic elements which are invariably 
present. The methods for obtaining this important information 
are presented in Part 3 of this book. 

It is important to recognize that the load-line method is 
not restricted to a network containing only two resistors, a 
most unlikely if not trivial situation. On the contrary, the use- 


Tunnel diode 
v,-t, Curve 


(a) 
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(a) 


(d) (e) 


fulness of the load-line method lies in the fact that there are 
many practical networks whose elements can be combined into 
two separate black boxes in the form of basic configuration 1. 


. Consider two black boxes N; and Nz connected as shown in 
Fig. 6-6a. Each black box may contain an arbitrary intercon- 
nection of other resistive network elements such as zener 
diodes, transistors, and gyrators. As far as we are concerned, 
however, only the external DP plots of N; and N2 are necessary 
for determining the operating points. Assume for the time 
being that these have been found and are given in Fig. 6-6) and 
c, respectively.1 Notice that although this network is in the 
form of basic configuration 1, the references of the current and 
voltage variables (for which the DP plots are based) are not 
identical with those shown in Fig. 6-3a. Since the v,-i; curve is 
simpler, the black box NV; is chosen to be the load. The laws of 
interconnection are ii = —ig and v1 = —v2. Hence, the load 
line is obtained by reflecting the v1-i; curve, first with respect 
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Load line 


Fig. 6-6. The graphical proce- 
dure for determining the oper- 
ating point of two resistive 
black boxes connected in the 
form of basic configuration 1 
by the load-line method. 


1 For reasons that will soon 
be obvious, it may be more 
convenient to choose a 
particular set of reference 
voltage polarity and refer- 
ence current direction in 
the process of determining 
the DP plot of each black 
box. Hence, we must al- 
ways watch for the refer- 
ences associated with a 
given DP plot. 
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Fig. 6-7. The basic network 
configuration 2 consists of a 
nonlinear resistor connected 
across the input and the out- 
put ports of a three-terminal 
resistor. 
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to the v, axis, and then with the i, axis. The net effect is 
equivalent to a 180° rotation with respect to the origin as 
shown in Fig. 6-6d. 

The load line in Fig. 6-6d could also be obtained by rede- 
fining a new set of terminal variables i3 and v3 for the black box 
N, as shown in Fig. 6-6e. Since iz = —i; and v3 = —vj, the 
new v3-i3 curve coincides with the load line in Fig. 6-6d. 
In either case, the intersections between the load line, or the 
v3-i3 Curve, with the v2-i2 curve give the four operating points 
Q1, Q2, Q3, and Q4 shown in Fig. 6-6f. Using the voltage and 
current values at each operating point, it is possible to deter- 
mine the voltage and current solutions of the network elements 
inside Ny and No. The procedure for doing this will be dis- 
cussed in the next chapter. 


6-2-2 BASIC NETWORK CONFIGURATION 2, 
INTERCONNECTION BETWEEN 2 TWO-TERMINAL 
RESISTORS AND A THREE-TERMINAL RESISTOR 


Another very common network configuration of practical interest 
is Shown in Fig. 6-7. To be specific, let the three-terminal resistor 
be characterized by the set of characteristic curves shown in Fig. 
6-8a and b, and let the nonlinear resistors R3 and R4 be character- 
ized by the curves shown in Fig. 6-8c and d, respectively. The 
equations of motion for this network are as follows: 


Equations from the laws of elements 


Three-terminal resistor: = = 81012) ee 

iz = g2(v2,01) (6-3) 
Resistor R3: (he 23(U3) (6-3c) 
Resistor R4: ig = ga(v4) (6-3d ) 


3-terminal 
resistor 
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Fig. 6-8 The graphical procedure for determining the operating point of a resistive nonlinear network in basic configuration 2 


by the double load-line method. 
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Fig. 6-9. When the input load 
line and the output load line : : : 
are transferred into the same Equations from the laws of interconnection 


Uy-ig plane, their intersection 


gives the location of the oper. U3 = U1 (6-4a) 
ating point. Vasa (6-4b) 
eee (6-4c) 
ig = i (6-4d) 


To eliminate the variables v3, v4, i3, and i4, we substitute Eqs. (6-4a), 
(b), (c), and (d) into Eqs. (6-3c) and (d) and obtain 


— g3(V1) (6-5a) 
— Za(V2) (6-5d) 


iy 


ig 


Observe that Eq. (6-5a) represents a curve obtained by reflecting 
the v3-i3 curve with respect to the v3 axis, and then relabeling the 
variables v3 and i3 by v; and i;. This curve is drawn on top of the 
input-characteristic curves of the three-terminal resistor as shown 
in Fig. 6-8e and is called the input load line. Similarly, Eq. (6-5d) 
represents a curve obtained by reflecting the v4-ig curve with re- 
spect to the v4 axis and then relabeling the variables v4 and i, by 
V2 and iz, respectively. This curve is drawn on top of the output- 
characteristic curves of the three-terminal resistor as shown in 
Fig. 6-8f-and is called the output load line. 

Equations (6-5a) and (6) constitute two equations in four un- 
knowns. It is necessary, therefore, to eliminate two more variables 
before the operating point can be located. This can be achieved 
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graphically by observing that each point of intersection P between 
the input load line and the input-characteristic curves in Fig. 6-8e 
specifies the values of v1, i1, and ig at P. Similarly, each point of 
intersection P between the output load line and the output- 
characteristic curves in Fig. 6-8f specifies the values of ve, iz, and 
v; at P. The key for eliminating the variables consists in identify- 
ing the variables which are common in both sets of curves. In this 
case, they are v; and ig. Hence, the input load line in Fig. 6-8e can 
now be transferred into the v,-i2 plane as shown in Fig. 6-9a. 
Similarly, the output load line can be transferred into the v-i2 
plane as shown in Fig. 6-9b. The point Q where these two curves 
intersect is the operating point. This is shown in Fig. 6-9c where 
the coordinates for Q are given by v; = 11.5 volts and iz = 21 ma. 
We can now locate this point in the input-characteristic curves of 
Fig. 6-8a and read the corresponding value of i, namely, i; = 
6.5 ma. Similarly, the value of v2 = 2.0 volts can be obtained by 
locating the point Q on the output-characteristic curves of Fig. 6-8). 

A review of the above systematic procedure would suggest 
some shortcuts. For example, instead of plotting the input and out- 
put load lines separately as in Fig. 6-9, we could have simply 
transferred the coordinates v; and i of the output load line from 
Fig. 6-8f onto the input-characteristic curves of Fig. 6-8e. The 
point of intersection between these two load lines as shown 
in Fig. 6-10a gives exactly the same answers. Alternately, we 
could transfer the input load line from Fig. 6-8e onto the output- 
characteristic curves of Fig. 6-8fas shown in Fig. 6-10b. Again, 
the same answers are obtained, as they should be. In practice, 
some further shortcuts may be possible. For example, it is not 
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Fig. 6-10. Two alternate short- 
cuts for locating the operating 
point of a resistive nonlinear 
network in basic configura- 
tion 2. 
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1 Notice that we have repre- 
sented the input-charac- 
teristic curves by a single 
curve rather than by a 
family of closely packed 
curves as shown in Table 
3-1. Approximating these 
curves by one curve is ac- 
curate enough for most 
practical purposes. 


2 These types of load lines 
are commonly encoun- 
tered in practice. It is con- 
venient, therefore, to re- 
member that the voltage 
intercept in each case is 
equal to the battery volt- 
age, and the slope in each 
case is equal to the nega- 
tive reciprocal of the re- 
spective load resistance. 


Resistive nonlinear networks 


really necessary to transfer the entire curve into Fig. 6-10a or 
Fig. 6-10b. After plotting a few trial points, we could usually zero 
in by plotting only points which are near the other load line. In 
fact, the input-characteristic curves of many three-terminal resis- 
tors are usually so crowded near each other that only a few trial- 
and-error steps are necessary to locate the operating point. 

We shall refer to the above graphical procedures as the double 
load-line method. In addition to the many practical networks al- 
ready in this configuration, there are many more complicated net- 
works which can be reduced to the same configuration by an ap- 
propriate grouping of elements into black boxes. 


EXAMPLE 


Consider the transistor circuit shown in Fig. 6-1la, where each of 
the two black boxes contains a resistor-battery combination. The 
input- and output-characteristic curves of the n-p-n transistor are 
shown in Fig. 6-115 and c, respectively.t The equations for the in- 
put and output load lines are readily obtained from Fig. 6-11a; 
thus 


Vee = —Rile + Fi (6-6a) 
Vor = —Relc + Ee (6-6b) 


These load lines are drawn on top of the input- and output- 
characteristic curves in Fig. 6-11b and c, respectively.? Since the 
input characteristics consist of only one curve, the intersection be- 
tween this curve and the input load line immediately yields two of 
the coordinates of the operating point, namely, Vgg = Vrg and 
Ip = Igy. Since Ig is the parameter for the output-characteristic 
curves, the value J = Igg Singles out one curve (shown heavy) 
from the rest as shown in Fig. 6-1lc. The intersection between this 
Ic-vs.-Vcp Curve (corresponding to Jz = Igg) and the output load 
line gives the remaining coordinates of the operating point Q, 
namely, I¢ = Igg and Vog = V cx: 


This example clearly demonstrates the computational advan- 
tages resulting from approximating the input-characteristic curves 
by a single curve. However, it must be emphasized that this short- 
cut is valid only if the input-characteristic curves of the three- 
terminal resistor are closely spaced. Fortunately, two of the most 
useful devices, transistors and FET, do satisfy this property. One 
might even be tempted to assert that it is precisely this property 
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that makes these devices useful because it makes the design task 
simpler. This may be true to a certain extent; but one must 
be more objective, for after all, there are other useful devices such 
as the unijunction transistor (see Table 3-1) which do not fall into 
this category. It is important, therefore, to learn the general pro- 
cedure since it is valid for all cases. 

The double load-line method is applicable to any network 
which can be redrawn into the form of basic configuration 2, 
provided the DP plot of the two external loads can be found. For 
example, consider the network shown in Fig. 6-12a. At first sight, 
this seems to be a formidable problem because of the large num- 
ber of elements present. To be sure, the equations of motion 
of this network are certainly going to be quite complicated. How- 
ever, careful inspection suggests that we can redraw this network 
in the form of basic configuration 2 by grouping elements into the 
two black boxes N; and Nz shown in Fig. 6-12b. The double load- 
line method is therefore applicable here, provided we can find the 
DP plots of Ni; and N2.1 The necessity for determining DP plots 
of resistive nonlinear networks is one important motivation for us 
to learn the methods for accomplishing this task. 


Fig. 6-11. The double load-line 
method for locating the oper- 
ating point of a transistor cir- 
cuit terminated by two pairs of 
resistor-battery combinations. 


1The first fundamental 
theorem of resistive non- 
linear networks in Chap. 5 
guarantees that such DP 
plots exist. 
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3-terminal 
resistor 


3-terminal 
resistor 


(b) 


Fig. 6-12. Example of a com- 

plicated network which canbe —_ Exercise 1: Consider the tunnel diode network shown in Fig. 6-5. (a) lf R = 500 Q, 

redrawn into the form of basic find the range of values of E for which there will be one, two, or three operating 

configuration 2. points. (b) If E = 0.45 volt, find the range of values of R for which there will be 
one, two, or three operating points. 


Exercise 2: Give an alternate interpretation of the double load-line method by re- 
defining the terminal variables of resistors Rs and Ry in Fig. 6-7. 


Exercise 3: Sketch the graphical construction for determining the operating point 
of the network shown in Fig. 6-11, but with resistors Ry; and R» replaced by two 
identical varistors. 


6-3 GRAPHICAL DETERMINATION OF DP 
PLOTS OF SERIES-PARALLEL NETWORKS 


Using graphical methods, we can readily obtain the DP plot 
across the driving-point terminals of any black box containing 
only series-parallel interconnection of two-terminal resistors and 
de sources. The procedure consists of a repeated application 
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of two basic graphical techniques, namely, the series-combination 
technique and the parallel-combination technique. 


6-3-1 THE SERIES-COMBINATION TECHNIQUE 


Consider first the simplest case of two nonlinear resistors connected 
in series as shown in Fig. 6-13a. Since the negative terminal of Ri 
is connected to the positive terminal of Re, we shall call this the 
back-to-front series connection. One method for determining the 
DP plot of this network consists of applying an adjustable current 
source J across terminals a-b and measuring the correspond- 
ing voltage. Since J = i, = ig and v = vy + ve, the DP plot can be 
obtained by first aligning the v; axis with the v2 axis, and then for 
each value of current 7; = ig = I graphically adding the value of 
UV; from the v;-i, curve, and the value of v2 from the v2-ig curve. This 
step can be carried out easily by drawing horizontal guidelines. If 
there are more than two resistors, the same procedure can ob- 
viously be applied, provided all resistors are connected in the 
back-to-front configuration shown in Fig. 6-13c. 


EXAMPLES 


1. Suppose the two resistors of Fig. 6-13a are linear with resist- 
ances R; and Ro. The v-i curves corresponding to Ry and R2 
are, therefore, straight lines as shown in Fig. 6-14a and b. The 
DP plot of the two linear resistors in series is readily obtained 
by the above graphical procedure and is shown in Fig. 6-14c. 
Observe that since two points determine a straight line, we 


(a) (b) 
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Fig. 6-13. A string of back-to- 
front series-connected non- 
linear resistors. 
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Fig. 6-14. The graphical pro- 


Gedlive (ordstercaihing the DE only have to apply this graphical procedure to two values of 


plot of two linear resistors in current. One convenient value of current to choose for this ex- 
oie ample is obviously i; = iz = 0. 

bonis ae ab Sa 2. Consider next the case where resistors R; and R2 are character- 
to-front series connection can ized by the v4-i; and v2-i2 curves shown in Fig. 6-15a and 5, re- 
be obtained by adding the volt- spectively. The DP plot obtained by the graphical procedure is 


age of each curve along each 
horizontal guideline. 


shown in Fig. 6-15c. Although only a few horizontal guidelines 
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a \ : Fig. 6-16. The DP plot corre- 
are shown, it is clear that more points must be found in order sponding to v-i curves with 


to obtain an accurate solution. This could be a rather time- horizontal segments can best 


be determined by a limiting 


consuming process. In most practical cases, we can simplify eet 


the task by first approximating the v-i curves with piecewise- 
linear segments as shown in Fig. 6-15d and e. From Example 1 
we know two things: (1) The DP plot will also be piecewise- 
linear. (2) The horizontal guidelines need be drawn only 
through the breakpoints on each curve and one convenient 
point on each end segment. The resulting DP plot for this case 
is shown in Fig. 6-15f. 
The above piecewise-linear procedure is relatively simple to 
carry out for most cases except when the v-i curves contain one 
or more horizontal segments. The confusions that sometimes 
resulted from the presence of horizontal segments can be re- 
solved by a number of ways. One way is to interpret the hori- 
zontal segment as an open circuit and make use of the fact that 
any element in series with an open circuit results in another open 
circuit. The corresponding segment of the DP plot must there- 
fore be horizontal. Another and perhaps more satisfactory way 
to resolve the above confusion is to replace each horizontal 
segment by a segment with a small but finite slope. The DP plot 
can then be determined by a limiting process. For example, 
suppose the v1-i, and v2-i2 curves of Ry and Re are shown in 
Fig. 6-16a and b, respectively. Since the end segments of both 
v-i curves are horizontal, let us replace them by the near- 
horizontal segments with a small positive slope m, as shown in 
Fig. 6-16c and d, respectively. If we label each segment com- 
bination consisting of segment n; of Ri and neg of Re by (11,n2), 
then segment (1,2) in Fig. 6-16e is obtained by adding the 
abscissas of segment 1 of Ri, segment 2 of Ro, etc.1 If we 
gradually reduce the slope m to zero in the limit, we obtain the 3 Sees eae - 
DP plot shown in Fig. 6-16/. In this case, segments (1,1) and gecause they are located 
(3,3) are located at +00, respectively. off the page. 
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Fig. 6-17. A nine-segment 
multivalued DP plot is obtained 
by combining two appropriate 
tunnel diodes in series. 


. Let us now consider the case where the v-i curves are not 


monotonic. In particular, suppose R; and R2 are tunnel diodes 
with the vy-i; and v2-ig curves shown in Fig. 6-17a and 5, re- 
spectively. Since some horizontal guidelines would intersect the 
Uy-i1 or the ve-ig curves at more than one point, we must 
be more careful in carrying out the graphical procedure. If we 
recall that each point on the DP plot must correspond to the 
operating point of the network, then it is clear that if there are 
more than one operating points at a given current 7 = J, the 
DP plot must have a corresponding number of points at i = J. 
Hence, the DP plot will be multivalued. In order that we do not 
miss any operating points while carrying out the graphical pro- 
cedure, it is important that we consider one segment of the 
v;-i curve at a time and combine this segment with each of the 
segments of the v2-i2 curve. For example, let us pick segment 
2 of the v1-i, curve first. Observe that this segment is defined 
only for Iy < i; < Ig. To combine this segment with segment 1 
of the v2-i2g curve, which is defined only for —oo < iz < L,, we 
must first determine a range of current for which both segments 
are defined. In this case, the common range is J, <i < J. Any 
current outside this range will not intersect one of the two 
segments, and hence no operating point is possible. The next 
step is to apply the above graphical procedure and obtain 
segment (2,1) as shown in Fig. 6-17c. Repeating the same pro- 
cedure for segment 2 of Ri and segment 2 of Ro, we obtain seg- 
ment (2,2). Similarly, combining segment 2 of R; and segment 
3 of Re leads to segment (2,3). As soon as all combina- 
tions with segment 2 of Ri are exhausted, we pick another 
segment and repeat the procedure all over again. For the 
present example, the v,-i; and the v2-i2 curves have three seg- 
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ments each. Accordingly, there is a total of nine combinations. 
The reader should verify that the DP plot shown in Fig. 6-17c 
is indeed obtained by this procedure. 


Before going to the next section, it must be emphasized that 
the above graphical procedure is valid under only two assumptions: 
(1) The resistors are connected in the back-to-front manner shown 
in Fig. 6-13. (2) The usual reference voltage polarity and current 
direction are chosen for each element. Since the same procedure is 
applicable to the case where the resistors are replaced by black 
boxes (which may contain other elements inside), the above two 
assumptions must be carefully checked. If the reference polarity 
and direction do not satisfy these conditions, they must first be re- 
defined properly before the graphical procedure is carried out. 


Exercise 1: Consider the network shown in Fig. 5-125 consisting of two junction 
diodes connected back to back in series. (a) Sketch the DP plot of this network. 
(b) If the two diodes are replaced by ideal diodes, find the DP plot. HINT: Rede- 
fine the polarity and direction of one of the two diodes. 


Exercise 2: Show that the DP plot of any resistor with a v-i curve [ in series with 
a battery of terminal voltage E is simply a horizontal translation of T by E volts 
along the v axis. 


Exercise 3: (a) Show that the DP plot segment (s1,52) corresponding to segments 
sy of Ry and sz of Re does not exist if the range of definition for segment s; and 
the range of definition for segment sz do not overlap. (b) Show that if the 
V1-i1 Curve has ny segments and the ve-i2 curve has nz segments, then the 
DP plot will have n segments, where n < nyn2. Why is the inequality sign 
needed? 


6-3-2 THE PARALLEL-COMBINATION TECHNIQUE 


Consider next the back-to-back parallel connection of two non- 
linear resistors as shown in Fig. 6-18a. The reader will recognize 
this to be the dual of the series circuit presented earlier. Indeed, 
if we construct the dual graph of the series circuit of Fig. 6-135 as 
shown in Fig. 6-185, we obtain the parallel network shown in 
Fig. 6-18a. Hence, the procedure for determining the DP plot is 
the dual of the procedure for the series case. In order to avoid in- 
terchanging the current and the voltage axes, we could carry out 
the graphical procedure by aligning the current axes and by draw- 
ing vertical guidelines. For example, corresponding to the v4-11 
and the v2-i2 curves shown in Fig. 6-18c and d, we obtain the DP 
plot shown in Fig. 6-18e. 
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Fig. 6-18. A back-to-back par- 
allel network and the graphical 
procedure for obtaining its DP 
plot. 


Exercise 1: Consider two junction diodes connected in parallel (with opposite 
polarities). (a) Find the DP plot. (6) Replace the diodes by ideal diodes and obtain 
the DP plot. 


Exercise 2: Discuss the procedure for finding the DP plot of a parallel network 
of nonmonotonic resistors. 


Exercise 3: Show that the DP plot of any resistor with v-i curve I in parallel with 
a current source with terminal current J is simply a vertical translation of T by J 
amperes along the 7 axis. 


6-3-3. COMBINATION OF SERIES-PARALLEL TECHNIQUES 


By a repeated application of the series-combination and the 
parallel-combination techniques, the DP plot across any series- 
parallel network can be obtained. The basic idea is to replace all 
resistors in series or in parallel by a new resistor whose v-i curve 
is the DP plot of the two-terminal black box containing the 
resistors. Each application of this reduction technique will reduce 
the number of resistors in series or in parallel. The reduction 


Graphical analysis of resistive nonlinear networks 


technique is applied repeatedly until the network reduces to one 
resistor.! 

As an illustration of the reduction technique, consider the 
network N shown in Fig. 6-19a. To emphasize that N is a series- 
parallel network, it is redrawn as shown in Fig. 6-195. We can now 
apply the series-combination technique by replacing resistors R, 
and Re by Rig, and resistors Rig and R17 by Re», as shown in Fig. 
6-19c. Similarly, we apply the parallel-combination technique by 
replacing resistors R5 and Rg by Rig, resistors R7 and Rg by Rao, 
and resistors Ri; and Rj2 and the current source by Ro1. But now 
with the new resistors, there are new groups of series-parallel re- 
sistors. These new groups can be reduced further. We can reduce 
the network in Fig. 6-19c by replacing parallel resistors R3 and Rig 
by Ro3, series resistors Rg and Reo by Roa, and parallel resistors 
Ry5 and Ree by Res, as shown in Fig. 6-19d. Of course, this circuit 
can be reduced still further. For example, resistor R4, Re3 can be 
replaced by resistor Rog, as shown in Fig. 6-19e. Resistor Rog can 
then be combined with Rig to form Roz in Fig. 6-19f By this 
time, we can see that by applying the reduction procedure a few 
more times to the chain of black boxes shown in Fig. 6-19f, the 
network would eventually reduce to only one resistor whose DP 
plot is the desired solution. 


6-4 SOME PRACTICAL APPLICATIONS OF DP 
PLOT AND OPERATING-POINT CONCEPTS 


The techniques presented so far can be applied to a surprisingly 
large class of practical electronic circuits. While it is true that most 
practical circuits are more complex than those discussed earlier, 
many of these can be reduced to simpler circuits by combining 
appropriate groups of elements into black boxes. Once the DP 
plots of these black boxes are found, the problem becomes a lot 
simpler. One of the objectives of this book is to bring forth the 
power of this black-box approach. Let us consider some concrete 
examples. 


6-4-1 CONCAVE AND CONVEX RESISTORS 


The black box shown in Fig. 6-20a is made up of a junction 
diode, a zener diode, and a linear resistor in series. It is called a 
concave resistor.2 The v,-i,; curve of the junction diode and the 
Ue-ig curve of the zener diode are shown by the dotted curves in 
Fig. 6-20b and c, respectively. For simplicity, we shall approximate 
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1A computer subroutine for 
implementing this algo- 
rithm can be easily written. 
A brief discussion of this 
subroutine is given in 
L. O. Chua, “A Computer 
Oriented Sophomore 
Course in Nonlinear Net- 
work Theory,” JEEE 
Trans. Circuit Theory, 
Special Issue on Computer 
Applications in Education, 
September , 1969. 


2A v-i curve is said to be 


concave if its slope di/dv 
is a nondecreasing func- 
tion of v. It will be shown 
in Chap. 8 that concave 
resistors can be used as 
building blocks for synthe- 
sizing any prescribed con- 
cave U-i curve. 


(9) 
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Concave resistor 


(a) 


Fig. 6-20. By changing the 
value of the zener breakdown 
voltage E and the resistance R, 
the breakpoint and slope of the 
DP plot of the concave resistor 
can be easily adjusted to suit 
a particular application. 


1 For more accurate results, 
a small correction factor 
representing the forward 
voltage drop (0.2 to 0.7 
volt) of the junction diode 
must be added to the zener 
voltage E. 


2 This relatively new device 
is also known as a currec- 
tor or as a field-effect cur- 
rent-limiting diode. It can 
be approximately realized 
in practice from an FET 
upon short-circuiting the 
gate and the source ter- 
minals. In this case, the 
solid horizontal segment 
in the left-half plane of 
Fig. 6-215 must be re- 
placed by a vertical seg- 
ment, thereby obviating 
the need for the junction 
diode in the convex re- 
sistor (see the footnote in 
Sec. 1-6-2). 


3A v-i curve is said to be 
convex if its slope di/dv is 
a nonincreasing function 
of v. It will be shown in 
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(c) 


these curves by the piecewise-linear solid segments shown in the 
same figures. The DP plot of this black box is easily seen to 
be given by Fig. 6-20d, where the voltage E at the breakpoint is 
equal to the zener breakdown voltage (also known as the avalanche 
voltage), and the slope is equal to the reciprocal of the resistance 
R. This means that a concave resistor with any breakdown voltage 
E and slope 1/R can be easily synthesized in practice.1 As such, 
concave resistors are indispensable building blocks for synthesizing 
arbitrary DP plots (see Chap. 8). 

Consider next the black box shown in Fig. 6-21a consisting 
of a junction diode, a constant-current diode,” and a linear resis- 
tor. It is called a convex resistor.2 The v2-iz curve of the constant- 
current diode is shown by the dotted curve in Fig. 6-21). For 
simplicity, we shall approximate this curve by the solid piecewise- 
linear segments shown on the same figure. Using this v2-i2 curve 
and an ideal diode curve for the junction diode, we obtain the DP 
plot shown in Fig. 6-21c. Observe that the breakpoint current and 
the slope of this DP plot can be adjusted by choosing an appro- 
priate constant-current diode with the desired current J and an 
appropriate resistance R. Observe also that the v-i curve of the con- 
vex resistor is the dual of the concave resistor, and vice versa. 
Together, they constitute a fundamental set of building blocks for 
synthesis purposes (see Chap. 8). 


6-4-2. ELEMENTS WITH A HORIZONTAL SEGMENT 


A commonly used technique for obtaining a DP plot with a hori- 
zontal segment is to connect a linear resistor in parallel with 
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a voltage-controlled resistor whose v-i curve contains a negative- 
resistance region. 

A simple circuit consisting of a tunnel diode and a linear re- 
sistor in parallel is shown in Fig. 6-22a. The graphical construc- 
tion for obtaining the DP plot is shown in Fig. 6-22b. Notice that 
if we choose the value of R equal to the magnitude of the tunnel- 
diode negative resistance, we would obtain the horizontal seg- 
ment shown in this figure. In view of the low-voltage characteris- 
tics of the tunnel diode, this segment is horizontal only over 
a limited voltage range. To increase the range of the horizontal seg- 
ment, a tunnel diode-battery combination can be added as shown 
in Fig. 6-22c. The vg-ig curve of the first tunnel diode is shown in 
Fig. 6-22d. Directly below it is the vp-i, DP plot of the tunnel 
diode-battery combination. The resulting v,-i; DP plot is shown 
in Fig. 6-227, Notice that the effect of adding the tunnel diode- 
battery combination is to compensate for each of the two negative- 
resistance segments so that they result in a single negative-resist- 
ance segment with a larger voltage range. The DP plot of the 
complete network is easily obtained and is shown in Fig. 6-22. 
Notice that the operating range of the horizontal segment is al- 
most three times that shown in Fig. 6-225. 

There are, of course, many other practical circuits using dif- 
ferent devices that can achieve the same objective. However, the 
principles are quite similar. Which circuit to choose in any par- 
ticular application depends on various practical considerations 
such as cost, operating range, linearity, and power rating. 


6-4-3. ELEMENTS WITH A VERTICAL SEGMENT 


A practical technique for obtaining a DP plot with a vertical seg- 
ment is to connect a linear resistor in series with a current- 
controlled resistor whose v-i curve contains a negative-resistance 
region. A widely used circuit consisting of an NTC thermistor is 
shown in Fig. 6-23a. Clearly, a vertical segment can be obtained 
by choosing the value of the resistance R to be equal to the mag- 
nitude of the negative resistance of the thermistor. 


6-4-4 MULTITHRESHOLD ELEMENTS 


In many practical applications such as switching circuits, a 
DP plot with several negative-resistance segments alternating with 
positive-resistance segments is required. A simple circuit for 
achieving this consists of a string of tunnel diodes in series as 
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Convex resistor ~ 


Fig. 6-21. By changing the 
values of J and R, the DP plot 
of a convex resistor can be 
adjusted to suit a particular 
application. 


Chap. 8 that convex re- 
sistors can be used as 
building blocks for syn- 
thesizing any prescribed 
convex v-i curve. 


(a) 


> 
T 


U,-t, curve of 
tunnel diode 


Ss 
Se Volts 
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(c) 


| 
Horizontal 


(g) 


Fig. 6-22. Two practical tunnel-diode circuits for obtaining a DP plot with a horizontal segment. 
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Vertical segment 


v,-t, Curve at temperature 
LEE 


VU 


(a) (b) 


shown in Fig. 6-24a. Observe in Fig. 6-246 that the valley current 
of each tunnel diode was chosen greater than the peak current of 
the preceding tunnel diode.1 This arrangement prevents the exist- 
ence of additional segments, thereby making the graphical con- 
struction very easy. The resulting DP plot shown in Fig. 6-24c 
contains three negative segments alternating with four positive 
segments. Observe that if we excite the black box with a current 
source, and if we assume that the operating point is initially 
on segment 1, then as we increase the driving-point current i 
beyond i = J;, the operating point will switch to segment 3. A 
further increase in the current to i = J, would switch the operat- 
ing point from segment 3 to segment 5, etc. Obviously, by connect- 
ing more tunnel diodes in series, we can obtain any number 
(within the practical current range of available tunnel diodes, of 
course) of such alternating segments. If we monitor the volt- 
age across the black box, then it is clear that each time the current 
i exceeds a threshold value (such as Iq, I, Ie, etc.), the voltage 
jumps to a higher value, thereby indicating a change in state. As 
such, this black box has found applications in multithreshold cir- 
cuits. Observe that if we make the threshold currents J,, J,, and I, 
differ only by a very small preset amount, we would obtain a very 
sensitive threshold device in the sense that a small change in cur- 
rent would be registered by the monitor, such as a voltmeter, as a 
relatively large change in voltage. This property is very useful in 
many control applications. For example, if several relays with dif- 
ferent actuating voltages are connected across the black box, then 
each time a threshold current is exceeded, a relay will close, thereby 
actuating some external control mechanism. 
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Fig. 6-23. The DP plot of an 
NTC thermistor in series with 
an appropriate linear resistor 
will contain a vertical segment 
at a given temperature T = To. 


1 The currents at the minima 
and maxima of a tunnel 
diode v-i curve are often 
called the valley and the 
peak currents, respectively. 
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Fig. 6-24. A multithreshold 
DE plot carube sealized by con "6-4-5 AUTOMATIC. SOR LING CIRCUDE 


necting a string of tunnel 
diodes in series. 


One of the most common applications of the operating-point con- 
cept is the design of automatic sorting circuits for furnishing 
different preset output voltages in accordance with some “quality” 
of a product in the production line. A simple circuit of this nature 
is shown in Fig. 6-25a. This circuit is used in many beer bottling 
plants for sorting the liquid level of beer bottles on a production 
line. The basic idea stems from the fact that the intensity of 
a light beam is attenuated as it passes through a colored liquid such 
as beer. Hence, if we install a light source at the desired liquid level 
and two identical photodiodes situated as shown in Fig. 6-25b to 
d, then the amount of illumination received by each photodiode 
will depend on the level of the liquid. To be specific, let us assume 
that if the level is too high, as in Fig. 6-25b, both photodiodes re- 
ceive an illumination of 1,300 fc. If the level is just right, as 
in Fig. 6-25c, photodiode P; receives an illumination of 2,000 fc 
and photodiode Py» receives an illumination of 1,300 fe. Finally, if 
the level is too low, both photodiodes receive an illumination of 
2,000 fc. Since the v-i curve of each photodiode changes with 
light illumination, it is clear that the voltage developed across the 
photodiode P; will not be the same in each case. Hence, if appro- 
priate voltage-sensing devices such as relays are connected across 
the photodiode P; (for simplicity, let us assume the loading effect 
is negligible), then depending on the voltage across P;, one relay 
will be actuated at a given time. This relay will in turn actuate an 
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Fig. 6-25. A basic liquid-level sorting circuit and the graphical construction for determining the operating voltage cor- 
responding to the case where the level is just right. 
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automatic mechanism to channel the bottle into the proper con- 
veyor. In this way, only the bottle filled to the right level will 
arrive at the final sealing location; bottles not filled properly will 
be diverted into separate lines designed to correct the discrepancy. 

In order to choose the appropriate relays, we must solve for 
the operating point of the circuit shown in Fig. 6-25a. Since the 
voltage across P; is our only concern, it is obvious that we locate 
the two black boxes N; and Nz as shown by the dotted line. Since 
the procedure is identical in each instance, let us consider only the 
one where the liquid level is just right. Referring to the character- 
istic curves of the photodiode type INXX10 in Appendix D, we 
locate the two curves corresponding to a light illumination of 
1,300 and 2,000 fc. These two curves are drawn in light lines in 
Fig. 6-25e. The DP plot across the resistor-photodiode combina- 
tion is obtained by adding the voltage coordinates of the 100-kQ 
line and the v2-i2 curve of Pz as shown in Fig. 6-25e. If we add the 
current coordinates of this curve with the v,-i, curve of P; we ob- 
tain the DP plot across the black box N2 as shown in Fig. 6-25. 
The intersection Q between this DP plot and the load line is the 
operating point. Hence, the voltage corresponding to this case is 
v = 18 volts. Carrying out the same construction for the remain- 
ing cases, we find the voltage v = 25.2 volts when the level is too 
high and v = 16.6 volts when the level is too low. 

The above principle has been utilized in the design of many 
instrumentation circuits. It is also used in the design of photometers 
for measuring light illumination; densitometers for measuring the 
density of liquid solutions; colorimeters for analyzing the color 
content of translucent materials and chemical solutions; and spec- 
trophotometers for measuring the spectrum of a light source. It 
should be clear that we need not restrict ourselves to photodiodes. 
A phototube or a solar cell would do just as well. In fact, in the 
latter case, no external battery is necessary. Since the current and 
voltage furnished by a solar cell are very small, the price we pay 
for saving a battery is that a more sensitive monitoring device or 
circuit will be needed. This principle is not restricted to light- 
sensitive controlled resistors only. In many applications such as 
manometers, anemometers, flowmeters, and thermal conductivity 
detectors, the choice of temperature-sensitive controlled resistors 
such as thermistors is more suitable. 


6-4-6 AUTOMATIC COMPARISON AND NULL DETECTION CIRCUIT 


We shall now consider an extremely useful circuit for comparing 
the distance, position, direction, etc., between two objects as well 
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as other physical quantities. A typical circuit of this nature is 

shown in Fig. 6-26a. This circuit has been proposed for achieving Fig. 6-26. A basic position- 

the three-spaceship flight formation scheme shown in Fig. 6-260. comparison and null-detection 

This flight formation is part of an elaborate experiment proposed “"“u't and the graphical con- 
é é 4 a f struction for determining the 

to qualify the spaceships for interplanetary expedition. The experi- operating voltage correspond. 


ment calls for spaceship | to maintain a fixed distance d from _ ing to three different relative 


positions. 
1NXX9 INXX9 Spaceship 1 
er veo 
Phototube \as' = 
A 
Spaceship 3 
Center axis 
= = = = d 
reise Lase, bee ; 
30 volts 30 volts : 
(a) (b) Spaceship 2 


Black box N, Black box N, 


DP plot 
across Ny 
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v, 
across Ny -~40 volts 


DP plot 
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1]t is assumed that the dis- 
tance from one spaceship 
to another is so vast that 
the laser beam becomes 
sufficiently attenuated to 
register a significant un- 
balance in the light inten- 
sity received at the photo- 
tubes. The alert reader 
should recognize the con- 
trived nature of this ex- 
ample. The important 
concept to learn here is 
the balancing property of 
the bridge phototube cir- 
cuit. This property has 
been widely used in many 
more mundane applica- 
tions. 


2This resistor represents 
the input resistance of the 
monitoring device such as 
a voltmeter or other con- 
trol circuitry. 
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spaceship 2, and for spaceship 3 to move along an imaginary center 
axis between spaceships | and 2. The first requirement can be satis- 
fied by simple radar control. Our problem, therefore, consists of 
maintaining the position of spaceship 3 along the center axis. To 
achieve this task, it is proposed that two laser beams of equal in- 
tensity be directed from spaceships 1 and 2 toward a phototube 
mounted on each side of spaceship 3, as shown in Fig. 6-26. If 
spaceship 3 is exactly on the center line, both phototubes will re- 
ceive equal light intensity. On the other hand, if spaceship 3 
is closer to spaceship 1, phototube 1 will receive a higher light in- 
tensity than phototube 2 because the second laser beam has 
to travel a greater distance, thereby becoming more attenuated.1 
The opposite situation is encountered if spaceship 3 is closer to 
spaceship 2. Our problem is to find the voltage across the 5-MQ 
resistor corresponding to different locations of spaceship 3 so that 
the astronaut inside would be able to steer his spaceship in accord- 
ance with the instrument reading.? 

Since we are interested only in the voltage across the resistor, 
let us redraw the circuit into the black-box configuration shown in 
Fig. 6-26c. Our object is to find the DP plot across the black box 
No. For convenience, the characteristic curves for the phototube 
INXX9 are redrawn in Fig. 6-26d. Let us suppose that both 
phototubes receive a light illumination of 0.04 Im when the space- 
ship is on the center axis. The graphical construction correspond- 
ing to this case is shown in Fig. 6-26e. The resulting DP plot in- 
tersects the load line at the origin, and hence v = 0 for this case. 
The monitoring device must therefore indicate a null reading when 
spaceship 3 is on the center line. 

Suppose, next, spaceship 3 is closer to spaceship | such that 
phototube 1 receives 0.08 Im while phototube 2 receives only 
0.02 Im. The DP plot in this case is shown in Fig. 6-26f, and the 
voltage at the operating point is given by v = —7.5 volts. The op- 
posite case where phototube | receives 0.02 lm and phototube 2 
receives 0.08 lm is shown in Fig. 6-26g. By carrying out the same 
procedure for different light illuminations, a “flight-control curve” 
can be plotted indicating the relationship between the voltmeter 
reading and the relative location of spaceship 3. The astronaut 
can, therefore, steer his spaceship in accordance with this curve. Al- 
ternately, a control circuit can be designed to do this automatically. 

It should be obvious by now that this principle can be utilized 
for designing many other control circuits, such as an airplane 
instrument-landing system. The phototubes in this case are 
mounted at the end of each wing, and the two light beams 


Graphical analysis of resistive nonlinear networks 


are directed from opposite sides of the runway. In all cases, a 
null reading indicates an optimum operation, and the control 
circuitry’s job is to try to achieve a null by comparing the devia- 
tion from the desired position. Because of this interpretation, this 
class of circuit is called a comparison and null-detection circuit. 

A closer inspection of the circuit shown in Fig. 6-26a shows 
that it is a bridge circuit with the “sensing” element located at op- 
posite arms. The ability to detect any unbalance between the two 
arms is a basic property that makes the bridge circuit so useful for 
comparison purposes. If we replace the phototubes by two therm- 
istors, the result is, of course, a sensitive temperature-comparison 
circuit. There is an almost endless variety of useful circuits that 
are based primarily on this basic bridge configuration. However, 
since the principle is the same, we shall not labor any longer to 
discuss them. After all, one of the merits of the black-box approach 
is the possibility of extracting the general concepts from many 
seemingly unrelated circuits. 


Exercise 1: (a) Using the v-i curves for the junction diode type 1NXX2 and the 
zener diode type 1NXX3, obtain the exact DP plot of the concave resistor shown 
in Fig. 6-20a with R equal to 50 2, 100 2, 500 Q, and 1 k&. (b) Compare each 
DP plot with that obtained from piecewise-linearizing the v-i curves. (c) Formulate 
a simple rule to correct the error resulting from the piecewise-linearization. 


Exercise 2: Show how a convex resistor may be synthesized by a concave resis- 
tor and a 45° reflector or gyrator. 


Exercise 3: (a) Verify the DP plot shown in Fig. 6-24c. (6) Find the new DP plot if 
the valley current of each tunnel diode is less than the peak current but greater 
than the valley current of the preceding tunnel diode. 


Exercise 4: (a) Find the operating voltage of the liquid-level sorting circuit 
in Fig. 6-25a when the level is too high and when it is too low. (6) Why is 
the 100-kQ resistor needed? How should its value be chosen? 


Exercise 5: Using the solar cell type 1NXX11, design a liquid-level sorting circuit 
without batteries for carrying out the same task as in Fig. 6-25. 


Exercise 6: To improve reliability, it is desirable that the operating voltage 
in each case of the sorting circuit in Fig. 6-25 differ by a relatively large amount. 
Show that this can be achieved by replacing the 50-kQ linear resistor by a non- 
linear resistor with an appropriate v-i curve. Specify a v-i curve so that the op- 
erating voltage in Fig. 6-25c differs from the operating voltage in Fig. 6-25) and 
d by an equal amount. 


Exercise 7: Verify the graphical construction shown in Fig. 6-26e to g. 


Exercise 8: In practice, the two phototubes shown in Fig. 6-26a may not be 
identical. To achieve a null reading when spaceship 3 is on the center axis, a re- 
sistance may be inserted in series with each phototube. Show how the values must 
be chosen to achieve a null. Assume that the v-i curves of phototube 2 are dis- 
placed in the vertical direction from the original v-i curve by 1 pa. 
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(a) 


Fig. 6-27. To determine the TC 
plot of the nonlinear voltage 
divider, we redraw the network 
into the form of basic configu- 
ration 1. 


1 Recall that the definition 
of the TC plot implies the 
condition i, = 0, that is, 
no loading effects. 


6-5 GRAPHICAL DETERMINATION OF TC 
PLOTS OF SERIES-PARALLEL NETWORKS 


Here we shall consider how to determine the TC plots of series- 
parallel networks containing only two-terminal resistors and dc 
sources. Although there are four distinct types of TC plots, the 
graphical procedures that we are about to study are applicable to 
all. The method consists of treating each series-parallel network as 
a cascade connection of two basic network configurations, the 
nonlinear voltage divider and the nonlinear current divider. 


6-5-1 NONLINEAR VOLTAGE DIVIDER 


The circuit shown in Fig. 6-27a is called a nonlinear voltage divider 
because the input voltage divides, in accordance with some non- 
linear relationship, between the two nonlinear resistors. To deter- 
mine the v,-vs.-v; TC plot, we observe that i, = 0, and hence the 
network can be redrawn into the form of basic configuration 1, as 
shown in Fig. 6-27b.1 Since the vg-vs.-v; TC plot is simply the 
locus of the operating-point voltage v. = v2 corresponding to each 
value of the input voltage v;, it can be easily found by the load- 
line method with R»2 as the load, provided the DP plot across the 
black box N; can be found for each value of v;. Since the effect of 
the voltage source v; is to translate the v;-i; curve of R; along the 
voltage axis, it is convenient to cut a template of the v-i; curve 
and translate it by a distance equal to each value of vu; along the 
Va axis, thereby generating a family of parallel-displaced va-ig 
curves. The intersections between this family of curves and 
the load line associated with R»z constitute a set of points in the 
Uo-VS.-v; plane. The curve passing through these points is the de- 
sired TC plot. For future reference we shall refer to the above 
procedure as the template method. 
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EXAMPLES 


1. Suppose the resistors Ry and R2 are characterized by the curves 
shown in Fig. 6-28a and b, respectively. The family of va-i 
curves obtained by the template method is shown in Fig. 6-28c. 
The TC plot is finally obtained by plotting the coordinates v; 
and Ug = U, of the points of intersection in the v;-v, plane as 
shown in Fig. 6-28d. 
We shall now present another graphical method which is 
more amenable to computer implementation. This is the graph- 
ical elimination method. To apply this method, it is more con- 
venient to redefine the reference voltage polarity and the refer- fig 6.28. the graphical proce- 
ence current direction of resistor R; in Fig. 6-27a as shown in dure for determining the TC 


Fig 6-29a_ Since 7, = 0, we can redraw the voltage divider into »!°t of 4 resistive nonlinear 
voltage divider by the template 
method. 


i,,ma ip, ma 


Up, volts 
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Fig. 6-29. To apply the graphi- 
cal elimination method, the two 


nonlinear resistors must be re- 
drawn into the back-to-front 
series configuration. 


1 The graphical elimination 
procedure for eliminating 
the common variables be- 
tween two curves is given 
in Appendix B. 


+A simple example will 
show that if the resistor 
R»2 is voltage-controlled, 
or multivalued, one must 
be careful to pick only 
“corresponding points” in 
the elimination procedure. 
Otherwise, extraneous seg- 
ments may be introduced. 


Resistive nonlinear networks 


(6) 


the form shown in Fig. 6-29b. The DP plot of the black box N»2 
can be easily obtained by the series-combination technique and 
represents a curve in the v,-i, plane. Since vg = vj and ig = ie, 
we can relabel the uv, axis of the DP plot by v;, and the i, axis 
by iz. In other words, the same curve I representing the 
DP plot of Nz also represents the relationship between iz and 
v;. Similarly, since v2 = Uo, the v2-ig curve of the nonlinear re- 
sistor Rg can also be considered as a relationship between iz 
and v,. Since both the v;-vs.-i2 curve and the v,-vs.-i2 curve in- 
volve the same variable iz, this variable can be eliminated 
graphically to obtain a relationship between v; and v,, which is 
the desired TC plot.! As a summary, the graphical elimination 
method consists of two steps. The first step consists of deter- 
mining the DP plot of the two resistors in series (with due 
attention given to the reference direction and polarity of Rj). 
The second step consists of performing a graphical elimination 
procedure between this DP plot and the v2-i2 curve of Ro.} 


. For comparison purposes, let us apply the graphical elimina- 


tion method to the same circuit considered earlier in Example 1. 
First, we must redefine the reference polarity and direction for 
R. The effect of doing this is that the v,-i; curve given in Fig. 
6-28a must be rotated by 180° with respect to the origin, 
as shown in Fig. 6-30a. The v2-i2 curve remains the same and 
is drawn beside the vy-i; curve as shown in Fig. 6-30. The vq-ia 
DP plot is obtained as shown in Fig. 6-30c. To eliminate the 
variable iz, we first draw a 45° reflection line as shown in Fig. 
6-30d. Next, we draw the set of axes v; and uv, in line with the 
horizontal axis of Fig. 6-30d and the vertical axis of Fig. 6-30c, 
as shown in Fig. 6-30e. The procedure now consists of drawing 
a vertical guideline through any value v; = k until it intersects 
the va-ig DP plot at some point a. A horizontal guideline 
is next drawn through a until it intersects the ve-i2 curve 
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at some point £6. From 6 we drop a vertical guideline until it 
intersects the reflection line at y. The intersection 6 of the hori- 
zontal guideline through y with the initial vertical guideline 
locates one point on the TC plot. If this procedure is repeated 
a sufficient number of times, we would obtain the TC plot 
shown in Fig. 6-30e. Observe that this TC plot is identical with 
that obtained earlier in Fig. 6-28d by the template method, as 
it should be. 


A comparison between the two methods shows that if both 
the v,-i, and the v2-i2 curves are monotonic, the graphical elimina- 
tion method is easier. However, if the v,-i, and the v2-i2 curves are 
not monotonic, it may take more time to find the DP plot than to 
cut a template and draw the family of curves. Moreover, the tem- 
plate method gives better insight into the effect of the ve-i2 curve of 
Rz on the resulting TC plot. In any case, however, the graphical 
elimination method is much easier to carry out on a computer.! 


Fig. 6-30. The graphical pro- 
cedure for determining the TC 
plot of a resistive nonlinear 
voltage divider by the graphi- 
cal elimination method. 


1A computer program for 

implementing the graph- 
ical elimination method 
can be easily written. All 
it takes is a graphical 
elimination subroutine. 
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Fig. 6-31. The basic form of 
the nonlinear current-divider 
network appropriate for the 
template method (left) and the 
graphical elimination method 
(right). 


6-5-2 NONLINEAR CURRENT DIVIDER 


The network shown in Fig. 6-31la and b is called a nonlinear cur- 
rent divider because the input current i; divides, in accordance 
with some nonlinear relationship, between the two nonlinear re- 
sistors. The reader will recognize the network on the left as 
the dual of the nonlinear voltage divider shown in Fig. 6-27a, and 
hence the i,-vs.-i; TC plot can be obtained by the dual of the tem- 
plate method. Similarly, the network on the right is the dual of the 
nonlinear voltage divider shown in Fig. 6-29a, and hence the 
i,-vs.-i; TC plot can be obtained by the dual of the graphical 
elimination method. 


6-5-3. SERIES-PARALLEL NONLINEAR NETWORKS 


The v,-vs.-v; or the i,-vs.-i; TC plot of a series-parallel nonlinear 
network can be determined by a successive application of the 
methods described for the nonlinear voltage divider or the non- 
linear current divider, respectively. We shall illustrate the proce- 
dure for the v,-vs.-v; case by an example, leaving the dual case for 
the problems. 


EXAMPLE 


Suppose it is required to determine the v,-vs.-v; plot of the series- 
parallel nonlinear network shown in Fig. 6-32a. The first thing to 
do is to reduce this network into the simpler /adder network 
shown in Fig. 6-32b by replacing resistors Ry, Re, and R3 by R14; 
resistors R4 and Rs by Ris; resistors Rg and R7 by R46; resistors 
Rg and Rg by Riz; and resistors Ryo, R11, and Ry2 by Rg. Each of 
these new resistors is, of course, characterized by the DP plot of 
the corresponding group of resistors. 


Fig. 6-32. The various reduction procedures for determining the v,-vs.-v; plot of a series-parallel nonlinear network. 
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1The reader should recall 
the basic composition 
technique described in 
Sec. 2-4. The graphical 
composition procedure is 
discussed in Appendix B. 


2 For complex, multivalued 
curves, this graphical com- 
position procedure can be 
easily implemented by a 
computer subroutine. 
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The next step is to determine a number of related TC plots. 
First, we create a soldering-iron entry across terminals c-d in Fig. 
6-32b and replace the black box N; by resistor Req as shown 
in Fig. 6-32c. The result is a nonlinear voltage divider, and hence 
the Ucq-vs.-v; TC plot can be easily obtained. 

The next step is the crucial one. It is based on the observa- 
tion that if the relationship between v.; across terminals e-f in 
Fig. 6-325 and veg can be found, then the curve Uef-VS.-Vcq Can be 
“composed” with the veq-vs.-v; plot to obtain the ve;-vs.-v; TC 
plot.1 The relationship between ve; and Ucq can be found by first 
replacing that part of the network to the left of terminals c-d in 
Fig. 6-32b by a voltage source with a terminal voltage Uca, as 
shown in Fig. 6-32d. We can do this because Ucq is now the inde- 
pendent variable for the ve-vs.-Ucq curve. We can now repeat our 
earlier technique by creating a soldering-iron entry across ter- 
minals e-f and replace the black box Ne by resistor Re; as shown 
in Fig. 6-32d. The result is again a voltage divider, and the 
Vef-VS.-Uca Plot can be found. 

To be specific, let us suppose the veq-vs.-v; plot obtained earlier 
and the vef-VS.-Ucq plot just obtained are given, respectively, by the 
curves shown in Fig. 6-33a and b. If we denote these curves by the 
functional notations Ucq = g(vi) and ver = f(Uca), respectively, then 
the composition procedure is simply a systematic method for 
finding the function of another function, namely, ve; = f(g(vi)). 
One simple graphical procedure for doing this is shown in 
Fig. 6-33c. The vef-v8.-Uca plot and the veq-vs.-v; plot are drawn in 
the upper left-hand and the lower right-hand corners, respectively. 
A 45° reflection line is drawn with its vertical axis in line with the 
Ver axis and its horizontal axis in line with the v; axis. Hence, start- 
ing at any value vu; = k, a vertical guideline is dropped until it in- 
tersects the U,q-vs.-v; Curve at some point a. A horizontal guideline 
through a is drawn to the left until it intersects the reflection line 
at 6. From £ a vertical guideline is drawn until it intersects 
the ves-VS.-Ucq plot at y. Finally, the point 6 obtained from the in- 
tersection between the horizontal line through y and the initial 
vertical line through a is a point on the ve;-vs.-v; curve. The other 
points on this curve are obtained in a similar manner.? 

The vep-vs.-v; plot gives us the voltage ver corresponding to 
each value of the input voltage v;. If we can find the voltage 
Ugh CoTresponding to each value of ves, then, clearly, we can find 
the output voltage v, = vg, corresponding to each input voltage uj. 
Let us replace the network to the left of nodes e-f by a volt- 
age source Ves as shown in Fig. 6-32e. The result is again a voltage 
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Ver, Volts 


(c) 


divider, and the vgj-vs.-ver plot can be readily found. By similar 
reasoning, the graphical composition procedure can now be ap- 
plied to the vyn-vs.-ver plot and the v,s-vs.-v, plot to obtain the 
Ugn-VS.-U; plot, which is the desired TC plot since vg, = vo. It 
should now be clear that no matter how complicated the network, 
the v,-vs.-v; plot of any series-parallel nonlinear resistive network 
can always be found by repeated application of these techniques. 


Exercise 1: Let the resistor R; in Fig. 6-27a be characterized by the equation 
iy = vy + 3v12 — 2 and the resistor Re be characterized by iz = v23. (a) Find 


Fig. 6-33. The graphical com- 
position procedure for obtain- 
ing the function of another 
function. 
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the v,-vs.-v; TC plot by the template method. (b) Repeat (a) by the graphical elim- 
ination method. 


Exercise 2: Let the resistor R; in Fig. 6-31a be characterized by the equation 
v1 = i3 + 3112 — 2 and the resistor Rz be characterized by ve = i23. (a) Find the 
i,-VS.-i; TC plot by the template method. (b) Repeat (a) by the graphical elimina- 
tion method. 

Exercise 3: (a) Find the TC plot between the varistor voltage and the input volt- 
age of the voltage-stabilizer network shown in Fig. 4-7a. (b) Find the varistor volt- 
age when the input voltage is 200 volts. Verify that this answer checks with that 
obtained earlier in Sec. 4-5 by the iteration method. (c) Simplify this circuit by re- 
placing the voltage source and the two linear resistors by an equivalent circuit 
containing one voltage source and one resistance, and then find the TC plot by 
the template method. 


6-6 SOME PRACTICAL APPLICATIONS OF TC PLOTS 


There are many electronic circuits designed specifically to trans- 
form an input signal into some desirable output signal. These are 
called signal-processing circuits. We shall now apply the TC plot 
concept to analyze this class of circuits. 


6-6-1 HALF-WAVE RECTIFIER 


The term rectifier was introduced earlier in Sec. 1-6-5 as pertaining 
to the idealized circuit shown in Fig. 1-12. We were forced to 
choose an ideal diode at that time so that we could obtain a 
qualitative behavior of the circuit function. We are now ready to 
perform an exact graphical analysis of the same circuit with 
realistic devices. This time, let us choose the vacuum diode type 
INXX1 in the circuit shown in Fig. 6-34a. The v-i curve of 
this diode is given in Appendix D and is reproduced in Fig. 6-346 
for convenience. The given reference polarity and direction are al- 
ready in the right form for the graphical elimination method. 
However, since we are interested not only in the TC plot but also 
in how the value of the load resistor R affects the TC plot, we 
shall choose the template method. This means that we must 
remember to rotate the v-i curve by 180° with respect to the origin 
before drawing the family of vg-ig curves as shown in Fig. 6-34c. 
The TC plot corresponding to the 2-kQ load line is shown in the 
upper left-hand corner of Fig. 6-34d. If we apply a sinusoidal volt- 
age as shown in the lower right-hand corner of this figure, then a 
graphical composition between the TC plot v, = f(v;) and the 
input voltage v; = v;(¢) would give the output waveform v, = f(v;(0)), 
as shown in the upper right-hand corner of Fig. 6-34d. A com- 
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P p : I F ; ; Fig. 6-34. A complete graphi- 
parison between this exact solution and the idealized solution in cal analysis of the half-wave 
Fig. 1-12 shows that the rectification is not perfect because the out- _‘ectifier. 
put voltage is not exactly zero during alternate half-cycles. More- 
over, the peak output voltage is smaller than the peak input 
voltage. 

In practice, the load resistor R varies, and hence it is desirable 
to know what effect it has on the TC plot. One advantage of the 
template method is that only the load line varies, and hence it is 
relatively simple to obtain the desired information. One could, for 
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example, obtain several TC plots with the value of R as a param- 
eter. For this simple example, this information can be obtained by 
inspection of the curves in Fig. 6-34c and the movement of the 
points of intersection as the load line varies. For example, it 
is easily seen that the peak output voltage decreases as the value 
of R decreases. 


6-6-2. VOLTAGE LIMITER 


Consider the circuit shown in Fig. 6-35a. The v;-i; curve of the 
constant-current diode is shown in Fig. 6-355, and the v2-i2 curve 
of the zener diode is shown in Fig. 6-35c. A load resistor R is 
normally connected across the output terminal, thereby violating 
the requirement that the load current be zero in a voltage divider. 
However, this loading effect can always be taken into considera- 
tion by combining the load resistor with the zener diode as one 


Fig. 6-35. Graphical analysis 
of a voltage limiter. 
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black box. The resulting v3-i3 curve of this parallel combination is 
shown in the upper left-hand corner of Fig. 6-35d. To the right of 
this is the DP plot across terminals a-b. The TC plot obtained by 
the graphical elimination method is shown in the lower right-hand 
corner of Fig. 6-35d. 

An examination of this TC plot shows that v, = vu; for all 
0< uv; < 12, and v, = 12 for all v; > 12. Since the circuit limits 
the output voltage from exceeding 12 volts, it is called a voltage 
limiter. A more careful examination of the graphical construction 
reveals that the same TC plot would be obtained for all R > 
12/10 = 1.2 kQ. This circuit has many useful applications. It 
is widely used for overload protection because no matter how the 
input voltage varies, the load voltage will never exceed the limiting 
voltage. It is also used as a voltage regulator for furnishing a con- 
stant output voltage v, = 12 volts even if the input voltage v; 
varies (assuming v; > 12 volts). While there are many other circuits 
that can be designed to function as voltage limiters, this circuit has 
the advantage that no batteries are needed. 


6-6-3. PULSE COMPRESSOR 


The circuit shown in Fig. 6-36a is called a pulse compressor. To 
understand what it does, let us first determine its TC plot. For 
simplicity, we have represented the tunnel diode v,-i; curve by 
three piecewise-linear segments as shown in Fig. 6-36b. In the 
usual case, the values of R; and R2 are chosen so that Ry + Ro = R, 
where R is the magnitude of the negative resistance of the tunnel 
diode. Using the graphical elimination method, we obtain the TC 
plot of this circuit as shown in Fig. 6-36c. The operation performed 
by this TC plot is readily seen by considering the input signal 
waveform v;(t) shown in the lower right-hand corner of Fig. 6-36d. 
The corresponding output waveform v,(¢) is readily obtained by 
the graphical composition procedure and is shown in the upper 
right-hand corner of Fig. 6-36d. Notice that the upper portion of 
the output signal remains the same as that of the input signal; only 
its height is reduced, hence the name pulse compressor. This type 
of circuit is useful in processing video signals of color television 
and radar sets, where only the waveform on top of each pulse is 
important. One could imagine this information-bearing signal to 
be riding on top of a rectangular pulse as indicated by the dotted 
lines in the lower right-hand corner of Fig. 6-36d. If this signal is 
fed directly into an amplifier, the larger pulses would generally 
drive the amplifier into the saturation region,! and hence the sig- 
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Fig. 6-36. Graphical analysis 
of a pulse compressor and its 
effect on the height of a pulse 
signal. 


1 As will be seen in Part 3 of 
this book, the presence of 
parasitic elements prevents 
the generation of such 
pulses. 


nal will not be amplified properly. Since we are interested only in 
the signal on top of the pulse, the output signal from the pulse 
compressor can be applied to the amplifier, thereby obtaining an 
output signal without distortion. This statement is, of course, 
valid only if the projection of that portion of the signal of interest 
in the graphical construction of Fig. 6-36d lies either to the left or 
to the right of the vertical segment of the TC plot. 


6-6-4 VERTICAL-PULSE GENERATOR 


In many applications, especially in computers, it is desirable to 
generate pulses which rise and fall in zero time. Unfortunately, 
this goal can be realized only approximately in practice.! The 
square-wave generator described in Sec. 3-6-1 represents one such 
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realization. The quality of the generated pulses in this case depends 
on the frequency and amplitude of the input signal. The circuit 
shown in Fig. 6-37a has the advantage that it is independent of the 
frequency. 

Corresponding to the tunnel diode v2-i2 curve shown in Fig. 
6-37b, we obtain by the template method (shown in Fig. 6-37c 
corresponding to a particular value of R;) the TC plot shown in 
the upper left-hand corner of Fig. 6-37d. The output signal v,(é) 
corresponding to a sinusoidal input signal is shown in the upper 
right-hand corner of Fig. 6-37d. Observe that the output waveform 
contains almost vertical pulses, independent of the frequency of the 
input signal. This part of the waveform is the important one. In 
most applications, the waveform between the vertical edges of each 
pulse is not important and is usually “flattened” by a circuit called 
a clipper, to be discussed in Chap. 9. 

So far, we have restricted our analysis to TC plots. In many 
electronic circuits, it is just as important to obtain the power- 
transfer plot with respect to the low-power nonlinear devices so 
that the maximum allowable input voltage may be found. We have 
already demonstrated in Chap. 5 how to obtain this relationship. 
Let us apply the procedure described in Sec. 5-4 to determine the 
power-transfer plot of the tunnel diode. First, we notice that the 
power across the tunnel diode is given by 


P = 12(v2)v2 
= l2(VoWo (6-7) 


If we denote the TC plot by the functional notation v, = f(v), 
then Eq. (6-7) becomes 


P= i fo) fr) (6-8) 


The power-transfer plot can, therefore, be found by performing 
first a graphical composition between the v2-i2 curve of the tunnel 
diode and the v, = f(v;) TC plot.! The resulting io(f(v;)) curve is 
shown in the upper right-hand corner of Fig. 6-37e. The power- 
transfer plot can now be obtained by multiplying the ordinates of 
this curve and that of the TC plot, corresponding to each value of 
v;. The resulting power-transfer plot is shown in the lower right- 
hand corner of Fig. 6-37e. From this curve, we can immediately 
find the maximum input voltage Emax that can be applied without 
exceeding the given maximum power rating Pmax of the tunnel 
diode. 
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Fig. 6-37. A complete graphical analysis of the vertical pulse generator. 
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Exercise 1: (a) Find the TC plot of the rectifier circuit shown in Fig. 6-34a by the 
graphical elimination method. (5) Plot the relationship between the peak output 
voltage as a function of the load resistance R when the peak input voltage is 40 
volts. 


Exercise 2: (a) Find the TC plot of the voltage limiter by the template method. 
(b) Show why it is that the same TC plot in Fig. 6-35d would result for all values 
of R > 1.2 kQ. (c) Replace the constant-current diode in Fig. 6-35a by a 1-kQ 
linear resistor and find the TC plot. Compare this TC plot with that of the original 
circuit and find the advantage in using a constant-current diode. 


Exercise 3: (a) A symmetrical voltage limiter can be designed by adding one 
constant-current diode in parallel (back to front) with the original constant- 
current diode, and a zener diode in series (back to back) with the original zener 
diode. Find the TC plot of this modified circuit and interpret the functions 
performed by this circuit. (b) The constant-current diode in this modified circuit 
may be replaced by an FET and a junction diode. Show how this can be achieved. 


Exercise 4: (a) Obtain the TC plot of the pulse-compressor circuit shown in Fig. 
6-36a by the template method and by the graphical elimination method. (6) Which 
method is easier for this circuit? (c) Based on your observation from (b), can you 
state some ground rule as to which method is preferred in a particular circuit? 


Exercise 5: (a) Find the TC plot of the vertical-pulse generator circuit in Fig. 6-374 
by the graphical elimination method. (5) Verify that the io( f(u;)) curve in Fig. 
6-37e is identical with the DP plot across resistor R, and the tunnel diode 
in series. (c) Show that the simpler procedure described above is valid for 
any nonlinear voltage-divider circuit. 


6-7. DP PLOT AND TC PLOT OF NETWORKS 
CONTAINING THREE-TERMINAL RESISTORS 


So far, we have restricted ourselves to series-parallel networks. We 
shall now consider an important class of networks containing both 
three-terminal and two-terminal resistors. We shall first develop 
some graphical techniques for determining the DP plot and the 
TC plot of the three basic composite networks shown in Fig. 
6-384 to c. 

To find the DP plot across terminals a-c of basic composite 
network 1, we connect a voltage source as shown in Fig. 6-38d and 
observe that the resulting network is in the form of basic configura- 
tion 2 shown earlier in Fig. 6-7.1 In this case, the two-terminal re- 
sistor on the left is simply a voltage source. Hence, for each value 
of v we can apply the double load-line method presented earlier to 
determine the corresponding operating point. From the coordinates 
of the operating point, we locate a point corresponding to the 
desired DP plot or TC plot. A repetition of this procedure for 
different values of the driving-point voltage will therefore allow us 
to obtain enough points to form the complete DP plot or TC plot. 


301 


TOne could alternately 
choose to drive the circuit 
with a current source; in 
this case, the input load 
lines consist of a family of 
horizontal lines. 


302 


(a) Basic composite network 1 


Resistive nonlinear networks 
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Fig. 6-38. Three basic com- 
posite networks which can be 
redrawn into the form of basic 
configuration 2. 


Actually, since each input load line is a vertical line, one could 
draw a family of vertical lines and obtain the DP plot or TC plot 
by one set of graphical constructions. 

Consider next the basic composite networks 2 and 3 in Fig. 
6-38b and c. Each of these networks can be redrawn into the form 
of basic configuration 2 as shown in Fig. 6-38e and f, respectively. 
Hence, the double load-line method is also applicable here. How- 
ever, since terminals a and 5 are now the common terminal, the 
characteristic curves of the three-terminal resistor must be given 
with respect to terminal a for basic composite network 2 and with 
respect to terminal b for basic composite network 3. Otherwise, the 
necessary transformation must be made before the double load-line 
method can be applied. (See Sec. 3-2-3.) This preliminary step is 
sometimes difficult to carry out in practice because the characteristic 
curves are seldom given in the entire plane, thereby making both 
interpolation and extrapolation necessary. We shall now describe 
another graphical technique which allows us to work directly with 
the original characteristic curves. Since the principles are identical, 
we shall consider only one case. 
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6-7-1 THE TEMPLATE-DOUBLE LOAD-LINE METHOD 


Let the three-terminal resistor of the basic composite network 2 
be characterized by the same curves shown in Fig. 6-8a and b and 
let the vz-i, curve of resistor R;,, be characterized by the curve 
shown in Fig. 6-8d. For convenience, these curves are redrawn in 
Fig. 6-39a to c. The equations of motion for the basic composite 
network 2 are given by the following: 


Equations from the laws of elements 


Three-terminal resistor: “ = §1(Vacsiv) (6-9a) 
iy = Zo(VbeVac) (6-9b) 
Resistor Ry: in = g(r) (6-9) 


Equations from the laws of interconnection 


Pies (6-9d) 
aes (6-9e) 
L— ae (6-9f) 
UL = Ute — Vac (6-9g) 


As usual, our procedure consists of eliminating the unwanted 
variables until a relationship v versus i is obtained for the DP plot. 
In the case of TC plots, we seek a relationship vz, versus v oF Uy¢ 
versus v. The variables i, and vy, can be eliminated by substituting 
Eqs. (6-9e) and (g) into Eq. (6-9c): 


ly = — 2(Vde _ Vee) (6-10) 


A comparison between Eqs. (6-95) and (6-10) shows that they in- 
volve the same variables ip, Voc, and Vac. Hence by superimposing 
the curves representing these equations, we can obtain a relation- 
ship between any two of the three variables. The curves represent- 
ing Eq. (6-95) are already given by Fig. 6-39). The curves repre- 
senting Eq. (6-10) can be easily constructed by the following 
observations. If vac = 0, Eq. (6-10) reduces to iy = —g(Usc) and is 
simply the load line obtained by reflecting the v,-i, curve in Fig. 
6-39c with respect to the vz axis, as shown in Fig. 6-39d. Next, let 
us assume a value Ug, = k and obtain i, = —g(vy- — k). The next 
crucial step consists of the observation that this equation repre- 
sents a translation of the curve i, = —g(Vsc) in Fig. 6-39d by 
k units to the right. Hence, Eq. (6-10) is represented by a family 
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of curves as shown in Fig. 6-39e with vac as a parameter. This can 
be easily drawn with the help of a template. 

We can now superimpose the curves shown in Fig. 6-39b and 
e as shown in Fig. 6-39f. The intersections between corresponding 
curves (having the same parameter value v,-) are then identified, 
and a smooth curve I’ is drawn through these points, as shown in 
Fig. 6-39f. 

If we transfer each point on the curve I with coordinates 
(Vacsép) into the input-characteristic curves shown in Fig. 6-39a, we 
obtain the corresponding curve I” shown in Fig. 6-39g. The value 
Of Vac, ig, and i, of each point on I’ can now be tabulated. If the 
DP plot is desired, we make use of Eqs. (6-9d) and (/) and obtain, 
corresponding to each point P (with v = v,,), the current i = i, + iy. 
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Fig. 6-39. The step-by-step graphical procedure for deter- 
mining the DP plot and TC plot of composite network 2. 
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This DP plot is shown in Fig. 6-39h. Similarly, if the vy--vs.-v TC 
plot is desired, we can obtain the coordinates (Vac,Vse) of each 
point on I and obtain the TC plot shown in Fig. 6-397. It is clear 
that any other relationship, such as the power-transfer plot, can 
be easily obtained from the coordinates of I and I’. A review of 
the above steps shows that both the template method and the 
double load-line method are used. Accordingly, we shall refer to 
this method as the template—-double load-line method. Observe that 
this method is valid only if the output-characteristic curves are 
given in the conductance representation, for otherwise, the param- 
eters of the two sets of curves in Fig. 6-39f will not be identical. It 
is therefore necessary that the output-characteristic curves be re- 
cast into the conductance representation before the template— 
double load-line method can be applied to basic composite 
network 2. 


6-7-2. SOME PRACTICAL CIRCUITS 


Let us now apply the above techniques to some practical circuits. 


EXAMPLES 


1. The unijunction transistor circuit shown in Fig. 6-40a is called 
a relaxation oscillator and is used in many switching and control 
applications. Since it is a dynamic network, we are not yet in a 
position to analyze it. However, as will be shown in Chap. 17, 
the analysis of this circuit requires that we find the DP plot 
across the capacitor terminals. This DP plot can be found by 
observing that it is simply the parallel combination of the 
2 two-terminal black boxes shown in Fig. 6-405, where the 
black box N represents the unijunction transistor circuit shown 
in Fig. 6-40c. Our first step, therefore, is to find the DP plot 
across N. 

The characteristic curves of the unijunction transistor type 
2N XX21 are given in Appendix D. If we draw the output load 
line on top of the output-characteristic curves as shown in Fig. 
6-40d, we obtain a set of points a, B, y, 5, ¢, & etc. The coordi- 
nates (Vgp,Jm) of these points are plotted on top of the input- 
characteristic curves as shown in Fig. 6-40e. The solid curve 
drawn through these points is the DP plot across the black box 
IN 

To obtain the DP plot across the capacitor terminals, we 
apply the parallel-combination techniques to the circuit in Fig. 


“4OYL||I9SO UO!EXeja4 40}SISUed} UO!JOUNTIUN e& JO S[eUILUI9} J0}I9eded ay} SsO4De JO] qq OY} BUIUILWA}ep 40) ainpaeooid jesIudelS aul “OH-9 “3I4 


ee (2) (p) 
jo 
S}OA ‘a syon ‘% syon 2% 
uoljeulquoo 
Aiayjeq-10}sISa4 40 30d gq S}JOA ST aul) peo] jndjno 
S}OA OT 
v = 4d v 
4oy!9eded ssosde j0O\d qq SYOAG= "A 
2 9 
ew Q 
N ssosoe jo\d qq" 
718 8 ew Zz 
| el G 
Ol Ol 
ZI ZI 
ew ‘2V ew ‘= rV ew ‘ef, 
} (9) i) 


S}OA 02 ——- S}]OA QT = 


OA? 


TOXXN2 


307 


308 


1 It is a common practice to 
omit drawing the voltage 
sources as well as output 
voltage terminals which 
are measured with respect 
to ground. 


2 Notice that the reference 
polarity and direction of 
the tunnel diode must first 
be redefined to agree with 
the network shown in Fig. 
6-38b. 
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6-406 and obtain the desired i-vs.-v DP plot. It will be shown 
in Chap. 17 that if a capacitor is connected across the com- 
posite network, a periodic sawtooth waveform will be generated. 
This waveform is, in turn, used in many applications such as 
oscilloscopes and television sets. 


. The FET circuit shown in Fig. 6-41a is useful in many digital 


computer applications.! In this case, it is the TC plot between 
UV, and vu; that is important. Since the output terminal does not 
draw any current, the circuit can be redrawn into the form of 
basic composite network 1 as shown in Fig. 6-41b, where the 
black box N represents the upper FET shown in Fig. 6-41c. 

We must first find the i-vs.-v DP plot across the black box 
N. This is simply obtained by first rotating the output-charac- 
teristic curve (see Appendix D) corresponding to vgs = 0 by 
180° (since the source terminal is assigned the positive refer- 
ence) and then translating the curve by 20 volts as shown in 
Fig. 6-41d. The load line corresponding to this DP plot is then 
drawn on top of the output-characteristic curves of the lower 
FET. The resulting TC plot is obtained as shown in Fig. 6-41. 
The reader should now recognize the usefulness of this TC plot. 
Among other applications, it can be used to transform a 
sinusoidal input voltage into a square wave. 


3. As a final example, consider the tunnel diode-transistor circuit 


shown in Fig. 6-42a. This circuit is used in practice to increase 
the current level of the tunnel diode, an inherently low-power 
device. To be specific, let the tunnel diode vg-ig curve be 
as shown in Fig. 6-425. Since this circuit corresponds to the basic 
composite network 2 in Fig. 6-38b, we can apply the template- 
double load-line method. The family of ip-vs.-vp- curves is 
shown in Fig. 6-42c.? If we represent the base-to-emitter char- 
acteristics of the n-p-n transistor by a single curve as shown in 
Fig. 6-42d, then the intersections between this curve and the 
above family of curves yield a set of points with coordinates 
(Vac,lp). These points can be transferred into the collector-to- 
emitter characteristic curves of the transistor as shown in Fig. 
6-42e. Since i = ig + Ic = ip + Ic = Ic, the resulting solid curve 
is the desired DP plot. Notice that this curve resembles that of a 
tunnel diode but with one significant difference; namely, the 
current ordinate is approximately 100 times larger than the 
original vg-iq curve shown in Fig. 6-42b. In other words, we have 
transformed a low-current tunnel diode into a high-current 
voltage-controlled nonlinear resistor whose v-i curve resembles 
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Fig. 6-41. The graphical pro- 
cedure for determining the TC 
plot of an FET logic circuit. 
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that of a tunnel diode. Hence, this circuit can be considered 
to be a rough approximation of the current scalor introduced 
earlier.1 The advantage of the present circuit, however, is that 
it does not require an external power supply. 


Exercise 1: Describe the template-double load-line method for determining the 
DP plot and TC plot of the basic composite network 3 shown in Fig. 6-38c. HINT: 
Assume the output-characteristic curves in the resistance representation. 


Exercise 2: In many practical circuits, the resistor R, in Fig. 6-38 consists simply 
of a linear resistor in series with a battery. Give a simplified procedure for deter- 
mining the DP plot and TC plot for each of the basic composite networks shown 
in Fig. 6-38. 
Exercise 3: Find the ugg-vs.-vy TC plot of the unijunction transistor circuit shown 
in Fig. 6-40c. 


Exercise 4: (a) Find the TC plot of the FET logic circuit shown in Fig. 6-41a but 
with the FET replaced by a p-channel type 2NXX20, and with E = —20 volts. 
(6) Sketch the output voltage corresponding to a 10-volt peak-to-peak sinusoidal 
input voltage. 


Exercise 5: Find the DP plot of the tunnel diode-transistor circuit shown in Fig. 
6-42a but with the diode terminals interchanged and with the transistor replaced 
by a p-n-p transistor. 


6-8 COMPOSITE CHARACTERISTICS OF 
THREE-TERMINAL RESISTIVE BLACK BOXES 


In order to apply the graphical techniques to more complex resist- 
ive networks, it is often necessary to isolate appropriate three- 
terminal black boxes and replace them by three-terminal resistors 
having the same sets of external-characteristic curves. The proce- 
dure for obtaining these external-characteristic curves is based on 
the successive application of graphical techniques for analyzing 
the four basic three-terminal black boxes shown in Fig. 6-43. 


6-8-1 FOUR BASIC THREE-TERMINAL BLACK BOXES 


Consider first the black box N shown in Fig. 6-43a. To obtain the 
input-characteristic curves, we connect a voltage source in series 
with resistor R2 and determine the DP plot across terminals a-c 
corresponding to each parameter value v2. This can be done by 
observing that the DP plot is simply the series combination of Ry 
and a two-terminal black box N2 in the form of basic composite 
network 1 (Fig. 6-38a). The output-characteristic curves are ob- 
tained in an exactly similar manner; that is, a voltage source 
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1The reader will recall that 
the current scalor intro- 
duced in Sec. 3-7-1 is in- 
tended for the same pur- 
pose while preserving the 
exact form of the v-i 
curve. 
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Fig. 6-43. Four basic three. is connected in series with Ri, and the DP plot across terminals 
terminal black boxes and the 


appropriate circuit arrange. 0-c18 determined corresponding to each parameter value v;. Notice 
ments for obtaining their DP that the three-terminal resistor inside the black box may be char- 
ee acterized by either the conductance representation or the resistance 
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representation. The resulting characteristics, however, will be in 
the conductance representation because the parameters are chosen 
to be ve and 1. 

The three-terminal black box N shown in Fig. 6-43b is, 
roughly speaking, the dual of that shown in Fig. 6-43a. Hence, the 
parameters are now chosen to be ig and i, and the characteristic 
curves may be obtained by a dual procedure. In this case, the 
characteristic curves are obtained in the resistance representation. 

The easiest method for obtaining the input-characteristic 
curves of the three-terminal black box N shown in Fig. 6-43c is to 
connect a current source across terminals b-c and determine the 
DP plot across terminals a-c. This is done by observing that the 
resulting two-terminal black box is equivalent to two resistors in 
series. The v-i curve of the first resistor is simply the characteristic 
curve of the three-terminal resistor corresponding to ig = k. The 
v-i curve of the second resistor is obtained by translating the v-i 
curve of the resistor R by ig = k units along the current axis i,.1 
A similar procedure can be used to obtain the output-characteristic 
curves. Notice that in this case, the characteristic curves of the three- 
terminal resistor must be given in the resistance representation.? 

The three-terminal black box N shown in Fig. 6-43d is, 
roughly speaking, the dual of that shown in Fig. 6-43c. Instead of 
the current sources iz and i;, we now connect the voltage sources 
V2 and vy. The input-characteristic curve corresponding to each 
parameter value v2 = k is simply the DP plot of two resistors in 
parallel. The v-i curve of the first resistor is the characteristic 
curve of the three-terminal resistor corresponding to v2 = k. The 
v-i curve of the second resistor is obtained by translating the v-i 
curve of the resistor R by v2 = k units along the voltage axis v4. 
The same procedure can be used to obtain the output-characteristic 
curves. Notice that in this case, the characteristic curves of 
the three-terminal resistor must be given in the conductance 
representation. 


6-8-2 CASCADE CONNECTION OF BASIC 
THREE-TERMINAL BLACK BOXES 


By an appropriate combination of elements into black boxes, it is 
possible to determine the DP plots and TC plots of rather complex, 
nonlinear networks containing both two-terminal and three- 
terminal resistors. We shall illustrate the basic principle with the 
help of the network shown in Fig. 6-44a. 

The first step is to combine Nz and R42 into a three-terminal 
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1This translation is neces- 
sary because the current 
entering the resistor R in 
Fig. 6-43c is equal to 
iy + lo. 

2 Notice that if the current 
sources are replaced by 
voltage sources, the graph- 
ical methods discussed so 
far are not applicable. In 
this case, we must appeal 
to the v-shift theorem de- 
scribed in the next chapter. 


(h) 


Fig. 6-44. 


¥ (i) 
The successive reduction procedure for determining the DP plot by graphical techniques. 
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black box N3 as shown in Fig. 6-44b. Notice that this corresponds 
to the black box shown in Fig. 6-43c, and hence its characteristic 
curves can be found by the method described earlier. The next 
step is to combine N3 with Rg and Rj; to form the new three-ter- 
minal black box N4 shown in Fig. 6-44c. This corresponds to the 
black box shown in Fig. 6-43a. Combining next N4 with Rio, we 
obtain the new black box Ns; as shown in Fig. 6-44d. This corre- 
sponds to the black box in Fig. 6-43d. If we now combine Ns with 
R7, Rg, and Rg to obtain the two-terminal black box Ng shown in 
Fig. 6-44e, we can determine the DP plot across terminals 7 and 8 
of this black box. Hence, the entire network to the right of terminals 
7 and 8 (including R7) can be replaced by the two-terminal black 
box Ne. Notice that it is possible to do this because none of the re- 
sistors on the right of terminals 7 and 8 are connected to elements 
on the left of terminals 7 and 8. The entire black box Ng is, there- 
fore, said to be in cascade with the network on the left of terminals 
7 and 8. 

We can repeat the same procedure for the remaining network. 
The steps are indicated in Fig. 6-44/ to i. The final DP plot can be 
determined by the procedure described in Sec. 6-7. 

In general, any network made up of cascade connections of 
subnetworks can be handled by the same method. For complicated 
networks, a general computer program can be written to implement 
the above steps automatically. If the network cannot be broken up 
in the manner described above, the more general techniques pre- 
sented in Chaps. 7 and 12 should be used. 


Exercise 1: If the voltage sources in Fig. 6-43a are replaced by current sources 
ig and i, respectively, describe the procedure for determining the characteristic 
curves of the three-terminal black box if the three-terminal resistor is charac- 
terized by: (a) the conductance representation; (b) the resistance representation. 
HINT: One of the two resistors is redundant in each case. 


Exercise 2: Repeat Exercise 1 for the black box shown in Fig. 6-435 but with the 
current sources replaced by voltage sources v2 and vj, respectively. 


Exercise 3: Describe the procedure for determining the characteristic curves of 
the three-terminal black box shown in Fig. 6-434 with i2 and i, as the parameter. 


Exercise 4: In many practical three-terminal resistors, the input-characteristic 
curves can be approximately represented by one curve. Show how the procedures 
described for the four black boxes in Fig. 6-43 can be simplified under this 
condition. 


Exercise 5: The order for carrying out some of the steps shown in Fig. 6-44 can 
be interchanged. Find all such possibilities and describe some alternate methods 


for determining the DP plot. 
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6-9 SUMMARY 


Graphical methods for determining operating points 


1. The load-line method is valid for 2 two-terminal black boxes in 
parallel (basic network configuration 1). 


2. The double load-line method is valid for the case where a 
three-terminal resistor is terminated by a two-terminal black 
box across both ends (basic network configuration 2). 


Graphical methods for determining DP plots 


1. The series-combination technique for two resistors connected 
back to front in series. 


2. The parallel-combination technique for two resistors connected 
back to back in parallel. 


Graphical methods for determining TC plots 


1. The template method for a nonlinear voltage divider or a non- 
linear current divider. 


2. The graphical elimination method for a nonlinear voltage 
divider or a nonlinear current divider. 


The template-double load-line method This method is useful for de- 
termining the DP plots and TC plots of networks containing both 
three-terminal and two-terminal resistors which can be reduced 
into a combination of three basic composite networks. This method 
can be extended to determine the characteristic curves of three- 
terminal black boxes made up of both three-terminal and two- 
terminal resistors. The possibility for doing this allows us to deter- 
mine the DP plots and TC plots of resistive nonlinear networks 
which can be broken up into cascade connections of simpler net- 
works amenable to the preceding methods. 


PROBLEMS 


6-1 A piece of rock picked up from the moon was analyzed for its elec- 
trical properties by attaching three electrodes to the rock’s surface, 
forming an equilateral triangle as shown in Fig. P6-la. A series of 
measurements was obtained, and the data were plotted as the two 
families of curves shown in Fig. P6-lc and d. 

(a) Is this three-terminal black box passive or active? Explain why. 
(b) What type of basic element does this rock represent? 
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(c) If the rock is connected as shown in Fig. P6-1b, find the op- 
erating point (i1,i2,13,01,02,03). The v-i curve for nonlinear re- 
sistor R3 is given in Fig. P6-le. 
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Fig. P6-2. 
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6-2 Find the DP plots for the networks shown in Fig. P6-2a to j. Use 
the piecewise-linear v-i curves for the zener diode and the constant- 
current diode shown, respectively, in Figs. 6-20c and 6-216 in the 
text. 


Ee | 
| ~—— ¢ —>+ 
|\<— ¢'——>+ 
L 


(a) (d) (c) (d) 


6-3 Find the DP plots for the ideal diode networks shown in Fig. P6-3a 
to h. 


6-4 Prove the following statements and give an example in each case. 

(a) The DP plot across two or more current-controlled resistors 
in series is also current-controlled. 

(b) The DP plot across two or more voltage-controlled resistors 
in parallel is also voltage-controlled. 

(c) The DP plot across any series-parallel network containing 
only monotonically increasing resistors is also monotonically 
increasing. 
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Fig. P6-3. 


(d) The DP plot across two identical current-controlled resistors 
in series is obtained by multiplying the abscissa of the original 
v-i curve by 2. Conversely, any current-controlled resistor can 
be decomposed into two identical resistors in series. 

(e) The DP plot across two identical voltage-controlled resistors 
in parallel is obtained by multiplying the ordinate of the 
original v-i curve by 2. Conversely, any voltage-controlled re- 
sistor can be decomposed into two identical resistors in 
parallel. 
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6-5 Find the DP plot for the networks shown in Fig. P6-5a to d. The 
v-i curves for the resistors R4 and Rg are shown in Fig. P6-5e 
and f, respectively. 


hi,, ma ; 
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| | | 
| 
rs So +-10 
| 
| 
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= aes —30 
oo. Fe aS eS ee SS —40 
(e) (f) 
Fig. P6-5. 


6-6 (a) Depending on the value of the resistance R in the networks 
shown in Fig. P6-6a to d, the resulting DP plot may be mono- 
tonically increasing, voltage-controlled, current-controlled, or 
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even multivalued. Find the range of R in each network 
for which the DP plot will assume the above types. The v-i 
curves of the tunnel diodes and the glow lamp are shown in 
Fig. P6-6e to g. 

(b) Find the DP plot of the network shown in Fig. P6-6h. 

(c) Find the DP plot of the network shown in Fig. P6-6i. 

(d) If the networks in Fig. P6-6h and i are connected as shown in 
Fig. P6-6/, find the operating points corresponding to E = 50, 
100, and 500 mv. 


Fig. P6-6. 


(a) (5) (d) 
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Fig. P6-7. 


Fig. P6-8. 
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6-7 A circuit found in an optical instrument consists of an n-p-n tran- 

sistor, a back diode, and two varistors connected as shown in 

Fig. P6-7. 

(a) Find the operating point of this network with v; = 0.9 volt. 

(b) Find the v4-vs.-v; TC plot. 

(c) Find the power-transfer plot between each varistor and the 
driving-point voltage v4. 


1NXX5 


— = 6volts 


6-8 A 2NXX17B transistor is connected in the circuit shown in Fig. 


P6-8. The total power dissipated in the transistor is the sum of the 
power into the base-emitter terminals (gg x) plus the power into 
the collector-emitter terminals (J¢V cg). It is known that the power 
IgV pe is much less than the power Jc¢Vcg. Thus the total power dis- 
sipated by the transistor is very nearly I¢V cpg. 

(a) Find the TC plots v, versus v and ic versus v, and then use 
these TC plots to calculate the power dissipation of the tran- 
sistor as a function of the driving-point voltage v. 

(b) Repeat (a) for Ry = 120 2. Assume that the maximum power 
dissipation of the transistor is 0.25 watt and find the maxi- 
mum allowable input voltage v. 

(c) If the maximum power dissipation of the transistor is 
0.25 watt and R;, may vary, find the value of Ry, such that the 
power dissipated in R;, is a maximum without exceeding the 
transistor power limitations. 


= 12 volts 


6-9 The network shown in Fig. P6-9a is part of a control circuit for a 


rocket stabilization system. The zener diodes are characterized by 
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the same v,-i, curve shown in Fig. P6-9b. The v4-i; and v2-i2 curves 

of Ri and R2 are shown in Fig. P6-9c and d, respectively. 

(a) Find the v,-vs.-v; TC plot. 

(b) Find the power-transfer plot from the resistor Re to the 
driving-point voltage uj. 


iz, tz, ma 


6-10 


E=50 volts 


volts 


(c) (d) 


As part of a control system in a petroleum refinery, it is necessary 
to sense the rate of flow of propane in a pipe. The circuit shown in 
Fig. P6-10a uses an NTC thermistor and can be designed to do the 
job. Since the rate of cooling is affected by the flow rate of the gas, 
the ambient temperature T of the thermistor is a function of the 
flow rate p (cubic meter per second). This relationship was ob- 
tained by measurement and is shown in Fig. P6-10b. Find the rela- 
tionship between the output voltage v, and the flow rate p. 


Dock 


OP m3/sec 


o| 25 50 75 100 125 15 
(a) (b) 


Fig. P6-9. 


Fig. P6-10. 
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6-11 The two networks shown in Fig. P6-11 are usually called hybrid 
circuits because they contain both transistors and tunnel diodes. 
These circuits are useful in the design of many alarm and overload 
protection systems. Describe the step-by-step procedure for deter- 
mining the DP plots of these circuits. 


(a) 


Fig. P6-11. 


6-12 The three networks shown in Fig. P6-12 are widely used in prac- 
tice as voltage regulators. Describe the step-by-step procedure for 
determining the v,-vs.-v; TC plot for each circuit. 


Fig. P6-12. 


=S OF 


7 PRINCIPLES O 
EQUIVALENCE AND 
SYMMETRY 


7-1 SOME SHORTCUTS IN NONLINEAR NETWORK ANALYSIS 


The graphical approach presented in the preceding chapter has 
two significant advantages over the piecewise-linear approach 
(Chap. 12) and the numerical techniques. First, it provides the 
engineer with a lot of qualitative information in addition to the 
network solution. For example, the effect of the nonlinearity of 
the resistor v-i curves on the final DP plot is easily established. This 
information is extremely important in any practical design for 
which the effect of temperature changes, component aging, etc., on 
the network’s performance must be determined. Second, it provides 
all possible solutions in one shot. This is because the amount of 
work required by the graphical approach depends primarily on the 
network topology, not on the type of v-i curves.1 

The most serious disadvantage of the graphical approach is 
that it lacks generality. There are many circuits, such as non- 
series-parallel networks, which cannot be analyzed by the methods 
described in Chap. 6. Our object in this chapter is to present 
several techniques which will allow us to analyze a much larger 
class of networks. These techniques generally consist of some 
shortcuts which permit a complex network to be transformed into 
a simpler, but equivalent, network. These shortcuts are based on 
the principles of equivalence and symmetry. 


7-2 DEFINITION OF EQUIVALENT NETWORKS 


The concept of replacing a network or part of a network by 
a black box as presented in Chap. 6 is actually an application of 
the general concept of equivalent networks. Intuitively, it seems 
reasonable to say that two n- -terminal black boxes, N; and No, are 
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1JIn sharp contrast with this, 

the amount of work re- 
quired by the piecewise- 
linear method depends 
primarily on the type of 
v-i curves, not on the net- 
work topology. With the 
current state of the art, the 
numerical techniques can 
not be used to analyze 
networks with more than 
one solution. 
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Arbitrary testing Arbitrary testing 
network BS network 


(c) (d) 


Fig. 7-1. An experiment for 


testing the equivalence be equivalent if we cannot distinguish between them externally. That 
tween two black boxes WN, 


and No. is to say, if we perform identical external measurements on both 
N, and Noe, we will always obtain identical results. In particular, 
if we connect the black boxes N; and Ne separately to the same 
arbitrary network N, as shown in Fig. 7-la and 5, the values 
of the voltage and current solutions of the elements inside N must 
be identical in both cases. Let us now render the concept precise 
by the following definition. 


DEFINITION OF EQUIVALENT NONLINEAR NETWORKS 


Two n-terminal resistive black boxes Ni and N»2 are equivalent if 
they can be interchangeably connected to the same arbitrary 
n-terminal network N without affecting the values of the voltages 
and currents inside N.+ 


We cannot overemphasize the fact that only the voltage and 

current solutions inside the testing network N need be identical. 

Nothing is said about the values of voltages and currents inside 

the black boxes N; and Nz because these black boxes may con- 

Ea eB Oe ceauaN be tain completely different networks, and no comparison is mean- 
easily extended to include  ingful nor desirable. In fact, the key idea here is that both N; and 
dynamic black boxes. Ne are really black inside, and all we can compare are the voltages 
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and currents associated with the external network. A simple ex- 
ample will help to clarify this point. Consider the two networks 
N, and Nz shown in the left side of Fig. 7-1c and d. If we connect 
an external network N consisting of a 3-Q resistor across N; and 
Ne, we obtain the same solution (i = 2 amp and v = 6 volts) in 
each case. In fact, the solutions inside N will be the same regard- 
less of what N is. Hence, we say N; and N2 are equivalent. A com- 
mon mistake committed by students is to conclude a priori that 
since N, is equivalent to Ne, the current and voltage associated 
with R; and Ry must be equal. This is wrong because i, = 2 but 
iz = 6. Similarly, v; = 2 but v2 = 6. 


Exercise 1: Show by a counter-example that Ny and N2 are equivalent if, and only 
if, the definition is satisfied by any external network N, not just one particular 
network. 


Exercise 2: Show that the definition of equivalent networks implies two properties: 
(a) Symmetric property: If Ny is equivalent to Nz, then Ne is equivalent to 
Nx, and hence the two networks may be interchanged, independent of the exter- 
nal load. (b) Transistive property: If Nz is equivalent to N2 and Nz is equivalent 
to N3, then Ny is equivalent to N3. 


7-3, EQUIVALENCE BASED ON IDENTICAL DP PLOTS 


We shall now derive a number of useful properties and theorems 
based on the principle that a two-terminal resistive black box N; 
is equivalent to a two-terminal resistive black box Ne if, and only 
if, they have identical DP plots at all times. 


SERIES (PARALLEL) COMMUTATIVE PROPERTY 


The DP plot across any resistive network containing two or more 
black boxes in series (parallel) is independent of the order in 
which the black boxes are connected, provided the relative orien- 
tation of each black box with respect to the driving-point terminals 
is preserved. 

This property follows immediately from the series (parallel) 
combination techniques in Chap. 6. 


REDUNDANT SERIES (SHUNT) ELEMENT PROPERTY 


Any two-terminal black box N; which is connected in series 
(parallel) with a current (voltage) source is redundant, and may be 
replaced by a short (open) circuit without affecting the solution of 
any external network connected across the resulting black box Ne. 
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Fig. 7-2. The two black boxes 
Ny, and N2 are equivalent be- 
cause of the redundant series 
(shunt) element property. 
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(a) 


(b) 


The proof of this property follows from an inspection of the 
black boxes shown in Fig. 7-2a and b. The DP plots across N; and 
Ne of Fig. 7-2a are identical because i = i,(¢) for all ¢. Similarly, 
the DP plots across N; and N»2 of Fig. 7-26 are identical because 
v = U,(f) for all ¢. 

As an application of this property, we can state the following 
corollary: 


EQUIVALENT CURRENT (VOLTAGE) SOURCE PROPERTY 


Any black box containing two or more identical current (voltage) 
sources in series (parallel) is equivalent to one current (voltage) 
source having the same terminal current (voltage). 


NONLINEAR THEVENIN’S (NORTON'S) THEOREM 


Any two-terminal dc-resistive black box is equivalent to an ap- 
propriate voltage (current) source in series (parallel) with an ap- 
propriate nonlinear resistor. The terminal voltage (current) of the 
voltage (current) source is equal to the voltage (current) intercept 
of the DP plot of the black box. The DP plot of the nonlinear re- 
sistor is obtained by translating the DP plot of the black box 
along its voltage (current) axis until it passes through the origin. 
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To illustrate this theorem, consider the black box Nj and its 
DP plot as shown in Fig. 7-3a. The equivalent black box MN, cor- 
responding to Thévenin’s and Norton’s theorems is shown in Fig. 
7-3b and c, respectively. Notice that the vr-ip curve in Fig. 7-30 is 
obtained by translating the origin of the DP plot in Fig. 7-3a to 
point P. Similarly, the vy-iy curve in Fig. 7-3c is obtained by trans- 
lating the origin of the DP plot in Fig. 7-3a to point Q. 
The proof of this theorem is obvious from an inspection of 
the respective DP plots in Fig. 7-3. Notice that the voltage E,, at 
point P is equal to the terminal voltage v when 7 = 0. Since this 
voltage can be obtained by measuring the voltage across terminals 
a-b when these terminals are left open-circuited, it is usually called 
the open-circuit voltage. In contrast with this, the current Js, is Fig. 7-3. An illustration of the 
usually called the short-circuit current because it represents the application of the nonlinear 
current flowing up a short circuit connected across terminals a-b. _ [hévenin theorem and the non. 


linear Norton theorem. 
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Exercise 1: Show that the equivalent current (voltage) source property follows 
from the redundant series (shunt) element property. 


Exercise 2: Show that if the black box Nj in Fig. 7-3a contains only linear elements 
and sources, then the resistors Rr and Ry in Fig. 7-3b and c are identical with a 
resistance value equal to — Eg¢/Tsc. 


7-4 EQUIVALENCE BASED ON IDENTICAL OPERATING POINTS 


Fig. 7-4. An illustration of two | Consider the two black boxes N and N’ in Fig. 7-4a. Suppose we 
black boxes N’ and N” having pick N’ to be the load and draw the hypothetical load line as 
distinct DP plots but being 2 5 : 
equivalent with respect o Nbe. Shown in Fig. 7-4c. Let the voltage and current at the operating 
cause both lead to an identical point be given by v = Eg and i = Ig. Observe next that it is pos- 
operating point. 


v-i curve of N v-i curve of N 
1h 
Load line of N 
U =U: 
(c) (d) 
hi 
Load line of voltage source 
v-i curve of N v-i curve of N 
Ig 
Load line of N 
>U =U 


(e) 
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sible to find many distinct load lines which lead to the same 
operating point. This means that it is possible to replace the load 
N’ in Fig. 7-4a by a different load N” in Fig. 7-4b without 
affecting in any way the voltage and current solutions of the ele- 
ments inside the black box N. In fact, any of the load lines shown 
in Fig. 7-4d would qualify.1 It is important to observe that the 
black boxes N’ and N” are not equivalent to each other because 
they have different DP plots. However, they can be said to be 
equivalent with respect to the black box N. This is a more restricted 
form of equivalence, but it is useful in simplifying analysis, as 
shown by the following substitution theorems: 


VOLTAGE-SOURCE SUBSTITUTION THEOREM 


If at any time ¢ the black box N has a voltage-controlled DP plot, 
and if the terminal voltage is given by v = v,(¢), then we can sub- 
stitute the load N’ by a voltage source with terminal voltage v,(f) 
without affecting the solution inside the black box N. 


This theorem follows from the fact that a unique operating 
point results from the intersection between any voltage-controlled 
DP plot and a vertical load line. By assuming the same terminal 
voltage u,(t) for the voltage source, the same operating point will 
be obtained at all times. This proves the theorem. To show that the 
DP plot must be voltage-controlled in order for this theorem to be 
valid in general, suppose the v-i curve of N is not voltage-controlled, 
and suppose the load-line construction leads to the operating point 
Q as shown in Fig. 7-4e. If we replace the load N’ by a voltage 
source with terminal voltage v = Eg, the resulting load line will 
intersect the v-i curve of N not only at Q but also at Q’ and Q” as 
shown in Fig. 7-4f. In other words, if the DP plot of N is not volt- 
age-controlled, extraneous solutions may result. By similar reason- 
ing, we can now state the dual theorem: 


CURRENT-SOURCE SUBSTITUTION THEOREM 


If at any time ¢ the black box N has a current-controlled DP plot, 
and if the terminal current is given by i = i,(t), then we can 
substitute the load N’ by a current source with terminal current 
i(¢) without affecting the solution inside the black box N. 


Since a short circuit is equivalent to a voltage source with 
zero terminal voltage, and an open circuit is equivalent to a cur- 
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1]f the original circuit has n 
operating points, the new 
circuit must also have n 
operating points. 
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1Although only three 
branches are shown con- 
nected with each node, the 
theorem is valid for any 
number of branches. 
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rent source with zero terminal current, we can now state the 
following theorems: 


SHORT-CIRCUIT SUBSTITUTION THEOREM 


If the DP plot across a pair of terminals formed by a soldering- 
iron entry is voltage-controlled, and if the open-circuit voltage 
across these terminals is zero, then we can short-circuit the ter- 
minals without affecting the solution of the original network. 


OPEN-CIRCUIT SUBSTITUTION THEOREM 


If the DP plot across a pair of terminals formed by a pliers-type 
entry through a wire is current-controlled, and if the short-circuit 
current is zero, then we can open-circuit the wire without affecting 
the solution of the original network. 


Exercise 1: Prove the current-source substitution theorem and show why the 
condition that the DP plot be current-controlled is necessary in general. 


Exercise 2: Prove the short-circuit and the open-circuit substitution theorems 
and show why the condition on the DP plot is necessary in general. 


Exercise 3: Show that the condition on the DP plot in the four substitution 
theorems can be replaced by a weaker condition, namely, the solution after the 
substitution remains unique. 


7-5 THE SHIFTING THEOREMS 


We are now ready to derive two important results which will allow 
us to break the series-parallel barrier. These are the v-shift theorem 
and the i-shift theorem. Since these theorems are crucial to many 
subsequent discussions in this book, the reader is strongly urged to 
develop a full understanding of these results. 


THE v-SHIFT THEOREM 


A voltage source connected across any pair of nodes a-b (such as 
Fig. 7-5a) can be shifted in series with all branches connected to 
either node a (Fig. 7-55), thereby eliminating node a, or to node b 
(Fig. 7-5c), thereby eliminating node b. The polarity of the shifted 
sources at the common node must be identical with the polarity of 
the original source at the corresponding node.1 


The v-shift theorem allows us to eliminate one node from the 
original network without affecting its solution. Very often, this 
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; : . ; i Fig. 7-5. An illustration of the 
will transform a non-series-parallel network into one which is removal of anode by the v-shift 


theorem and the removal of a 


series-parallel. Before we apply this theorem to specific examples, 
branch by the i-shift theorem. 


let us prove it. It suffices to prove that the black box N2 in Fig. 
7-5b is equivalent to the original black box Ni, and hence they can 
be interchanged. For convenience, the black box N2 is redrawn in 
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Fig. 7-5d. Observe that v.g = Ug, = 0 and therefore we may con- 
nect a short circuit across terminals a, B, and y (Fig. 7-Se) without 
affecting the original solution. Since the voltage sources in Fig. 
7-5e are now in parallel, they can be replaced by one equivalent 
voltage source as shown in Fig. 7-5f. Observe that this is identical 
with the original network in Fig. 7-5a, and hence the theorem is 
proved. 


THE i-SHIFT THEOREM 


A current source connected across any pair of nodes a-b (such as 
Fig. 7-5g) can be shifted in parallel with any set of branches 
which form a closed loop with the original current source, such as 
loop bcedea in Fig. 7-5h or loop bfgha in Fig. 7-5i. The reference 
direction of the shifted sources is clockwise (counterclockwise) 
around the loop if the direction of the original source is in a 
counterclockwise (clockwise) direction. 


The i-shift theorem allows us to remove a current source 
across a pair of nodes. This will often transform a non-series- 
parallel network into one which is series-parallel. Since the i-shift 
theorem is simply the dual of the v-shift theorem, its proof will be 
left as an exercise. 


Exercise 1: Another way to prove the v-shift theorem is to show that the equations 
of motion of the shifted network remain unchanged. Verify this property for both 
Nz and N3 in Fig. 7-5b and c. 


Exercise 2: Prove the i-shift theorem by two methods: (a) Construct the dual of the 
proof given for the v-shift theorem. (6) Show that the equations of motion remain 
unchanged. 


Exercise 3: The v-shift theorem can be generalized by shifting the voltage source 
across any pair of nodes a-b to all branches which form a cut set with the voltage 
source. State this generalized theorem precisely and prove it. 


Exercise 4: Are the shifting theorems applicable to controlled sources? If so, 
what precaution must be taken? 


7-6 GRAPHICAL ANALYSIS OF NON-SERIES-PARALLEL NETWORKS 


We shall now demonstrate by means of examples the application 
of equivalent network theorems to the analysis of a large class of 
non-series-parallel networks. 
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EXAMPLES 


1. We are now in a position to solve for the operating point of the 
network shown in Fig. 6-12, which we reproduce in Fig. 7-6a 
for convenience. It was shown earlier in Sec. 6-2-2 that the 
double load-line method is applicable provided the DP plot 
across the black boxes Ny and Np» can be found. 
Consider first the black box Ny. The presence of the volt- 
age source U1; suggests that we apply the v-shift theorem to 
transform N; into the equivalent series-parallel network shown 
in Fig. 7-6b. The v3-i3 DP plot of this network can now be 
easily obtained by the methods described in Chap. 6. Consider 
next the black box Np». This time let us apply the i-shift theorem 
to obtain the equivalent series-parallel network shown in the 
center of Fig. 7-6c. The DP plot can be obtained by a similar 
procedure. We can save some work, however, by observing that 
the voltage source viz is connected across an imaginary two- 
terminal black box made up of resistors Rg and Rg and the 
current source J. Hence, applying the redundant shunt element 
property (Sec. 7-3), we can remove resistors Rg and Rg and the 
current source J without affecting the v4-i, DP plot of N2. This 
is shown in the right of Fig. 7-6c. 
Assuming that the above procedures have been carried 
out and the DP plots across N; and N2 have been found, we 
can proceed to determine the operating-point voltages v3 and 
v4 and currents iz and ig by the double load-line method. Let 
us suppose that this, too, has been done, and consequently we 
found v3 = £3, v4 = E4, i3 = 3, and ig = I4. We can now 
“enter” each black box and determine the solution of each ele- 
ment as follows. If the DP plot across Nj is voltage-controlled, 
we can apply the voltage-source substitution theorem (Sec. 7-4) 
and replace the network to the right of Ni by a voltage source 
with a terminal voltage equal to £3 as shown in the left of Fig. 
7-6d. If the DP plot across N; is current-controlled, we can 
apply the current-source substitution theorem and replace the 
network to the right of N; by a current source with a terminal 
current equal to /3 as shown in the right of Fig. 7-6d. The same ae oe ne Lace ei ao 
principle holds for the networks shown in Fig. 7-6e.1 Replacing nameple sill holds. How. 
the black boxes N; and N2 by the equivalent series-parallel ever, we must watch for 
networks in Fig. 7-6b and c, respectively, we can easily deter- _the erareinees Se ob 
mine the operating-point voltage and current associated with ee 8 ee * a 
each element inside the black boxes Ni and No. final solution. 


Fig. 7-6. An illustration of the application of the shifting theorems and the substitution theorems for analyzing a complicated 
non-series-parallel network. 


336 


Principles of equivalence and symmetry 337 


2. To show that the shifting theorems are applicable not only to 
networks with built-in voltage sources or current sources, such 
as the network in Fig. 7-6a, consider the nonlinear /attice net- 
work shown in Fig. 7-7a.1 The basic idea is to recast this net- 
work into the form of basic configuration 2 of Sec. 6-2-2 
as shown in Fig. 7-7b. We can apply the double load-line 
method to find the v,-vs.-v; TC plot of this network if we can 
represent the black box N by two sets of characteristic curves 
in the same manner in which a three-terminal resistor is 
represented. 
To obtain the set of input characteristics in the conductance 
representation, we extract the black box N and connect a volt- 
age source V2 across terminals c-d as shown in Fig. 7-7c. 
We then apply the v-shift theorem to obtain the equivalent 
series-parallel network shown in Fig. 7-7d. For each value of 
the parameter v2, we obtain one DP plot. Hence, by repeating 
this procedure for several values of v2, we obtain the desired 
set of input-characteristic curves. 
To obtain the set of output characteristics in the conduct- 
ance representation, we extract the black box N and connect a 
voltage source v; across terminals a-b as shown in Fig. 7-7e. An 
application of the v-shift theorem results in the equivalent 
series-parallel network shown in Fig. 7-7f. The set of output- 
characteristic curves is obtained by finding the DP plot across 
terminals c-d corresponding to different values of the parameter 
U1. 
As a simple application of the above general procedure, 
consider the full-wave rectifier circuit shown in Fig. 7-8a. The 
most important information desired is the TC plot between the 
output voltage v, and the input voltage v;. We would also like 
to know the effect of the load resistance R, on the resulting TC 
plot. Since the resistor R, in Fig. 7-7a is absent in this circuit, 
the TC plot can be simply obtained by finding only the v2-i2 
output-characteristic curves of the equivalent circuit shown in 
Fig. 7-8b as a function of the input voltage parameter uj. 
Assuming a typical diode vg-ig curve as shown in Fig. 7-8c, the 
Vg-ig Curves are easily obtained graphically as shown in Fig. 
7-8d. Notice that for this particular circuit, each curve is asso- This pane ore 
ciated with both v; = E and v, = —E. We can now draw the load Pon S CSch nol ony se 
line corresponding to R, and obtain the TC plot by transferring _ practical circuits having 
the points of intersection into the v;-v, plane. The TC plots the same ee ne 
corresponding to three different load resistances are shown in a Sete ena 
Fig. 7-8e. Observe that as the value of RK, decreases, the output other network configura- 
voltage uv, also decreases. tions. 
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Fig. 7-7. An application of the ; 
rahitethcoramtoeane ae The output voltage waveform Uo(t) corresponding to a 


the TC plot of a nonlinear lat- sinusoidal input voltage v,(Z) is obtained by the graphical con- 
Hgeinetwork: struction shown in Fig. 7-8 Notice that both positive and 
negative waves are now present in the rectified output voltage, 
hence the name full-wave rectifier. Ideally, we would like to 
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have the peak output voltage equal the peak input voltage. 
Accordingly, the ideal TC plot should be described by v, = |v;|. 


It is clear that the nonlinearity of the diode vg-ig curve and the Fig. 7-8. A detailed graphical 


finite load resistance are responsible for the departure from this analysis of the full-wave recti- 
ideal TC plot. fier. 
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3. The shifting theorems are particularly useful in the determina- 


tion of the characteristic curves of a three-terminal black box 
containing both two-terminal and three-terminal resistors. 

Consider first the configuration shown earlier in Fig. 6-43c. 
This is reproduced in Fig. 7-9a for convenience. To determine 
the input-characteristic curve corresponding to each value 
iy = k of the current source connected across terminals b-c, we 
apply the i-shift theorem to obtain the equivalent network 
shown in Fig. 7-9b. Notice that this circuit can be considered 
as a series connection between the two black boxes N, and No, 
and hence the DP plot corresponding to each value % = k 
is easily obtained. To determine the output-characteristic curve 
corresponding to each value i, =k of the current source con- 
nected across terminals a-c, we apply the i-shift theorem and 
obtain the equivalent circuit shown in Fig. 7-9c. The DP plot 
corresponding to each value i, = k is obtained by a similar 
procedure. 

Consider next the configuration shown earlier in Fig. 6-43d. 
This is reproduced in Fig. 7-9d for convenience. To obtain the 
input-characteristic curve corresponding to each value Up. = k 
of the voltage source connected across terminals b-c, we apply 
the v-shift theorem to obtain the equivalent network shown in 
Fig. 7-9e. Notice that this circuit can be considered as a parallel 
connection between the two black boxes Ni and Noe, and hence 
the DP plot corresponding to each value v,, = k is easily ob- 
tained. To determine the output-characteristic curve corre- 
sponding to each value vac = k of the voltage source connected 
across terminals a-c, we apply the v-shift theorem and obtain 
the equivalent circuit shown in Fig. 7-9f The DP plot corre- 
sponding to each value Uge =k is obtained by a similar 
procedure. 

As a final illustration of the utility of the shifting theorems, 
consider the famous Darlington transistor connection shown in 
Fig. 7-9g. This circuit is widely used as a three-terminal device 
because it offers a number of advantages over a single transistor. 
To determine the characteristic curves of this three-terminal 
black box, it is convenient to apply a voltage source across 
terminals b-c and a current source across terminals a-c. Corre- 
sponding to each value v,. = k of the voltage source, the input- 
characteristic curve is determined by applying the v-shift theorem 
to obtain the equivalent network shown in Fig. 7-9h. Notice 
that the black box N can be interpreted as the resistor R in the 
circuit configuration of Fig. 7-9a. Hence, the technique discussed 
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above for this configuration is applicable here. To determine 
the output-characteristic curve corresponding to each value 
iq = k, we apply the i-shift theorem to obtain the equivalent 
circuit shown in Fig. 7-97. Observe that the black box N can be 


Fig. 7-9. Application of the 
shifting theorems to obtain the 
characteristic curves of three- 
terminal resistive black boxes. 
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1A computer program can 
be written to implement 
the series of graphical 
procedures automatically. 
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interpreted as the resistor R in the circuit configuration of Fig. 
7-9d. Hence, the technique discussed above for this configura- 
tion is again applicable here. 


The above procedure can obviously be used to obtain the 
characteristic curves of three-terminal black boxes containing 
more than two transistors connected in the Darlington configura- 
tion or other configurations. The basic principle is to identify 
appropriate black boxes, through the application of equivalent 
network theorems, so that the circuit reduces to a combination of 
the basic configurations discussed so far.1 


Exercise 1: Develop a general method for determining the TC plot of the nonlinear 
lattice network shown in Fig. 7-7a with the help of the i-shift theorem. 


Exercise 2: Describe the step-by-step graphical procedure for finding the exact 
TC plot and DP plot of the full-wave rectifier circuit shown in Fig. 7-8a, but with 
a linear resistor R, inserted in series with the voltage source. You may assume a 
piecewise-linear v-i curve for the diode in carrying out the discussion. 


Exercise 3: Compare the methods described above for determining the charac- 
teristic curves of the three-terminal black boxes shown in Fig. 7-9a and d with 
those described earlier in Sec. 6-8-1. What are the advantages and disadvantages 
in each case? 


Exercise 4: Discuss the step-by-step procedure for determining the characteristic 
curves of the circuit in Fig. 7-9g but with each transistor 7; and T> replaced by 
the Darlington pair of Fig. 7-9¢. 


7-7 PRINCIPLES AND APPLICATIONS OF SYMMETRY 


Many difficult problems in physical science have been solved by 
rather simple methods. One such method is to take advantage of 
the symmetry exhibited by some systems. Applying the concept of 
symmetry to nonlinear networks, if indeed they are symmetrical, 
often leads to very simple solutions. Failure to take advantage of 
such symmetry can make the network much more difficult, and 
sometimes impractical, to analyze. 

Roughly speaking, a network is symmetrical with respect to a 
certain physical transformation, such as a rotation, if the network 
remains invariant after the transformation. The word invariant is 
used in the strict sense to indicate that the transformed network 
remains exactly identical with the original network, both geometri- 
cally and electrically. We shall now state a precise definition con- 
cerning two rather common types of symmetry. 
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DEFINITION OF FLIP-OVER AND ROTATIONAL SYMMETRIES 


A network is said to be symmetrical with respect to an “axis 
of symmetry” a if it remains geometrically and electrically invariant 
upon a rotation of @ deg about a. If a lies on the plane of the net- 
work, then @ equals 180° and the network is said to exhibit a flip- 
over symmetry.1 If a is a line perpendicular to the plane of the 
network, then the network is said to exhibit a 6-deg rotational 
symmetry. 

To illustrate the various types of symmetry, Fig. 7-10a to c 
show three networks exhibiting flip-over symmetry corresponding 
to three different axes a1, a2, and a3, respectively. These three 
types of flip-over symmetry can be further distinguished as vertical, 
horizontal, and skew symmetry. However, since any network ex- 
hibiting flip-over symmetry can be redrawn so that the axis a 
becomes vertical, it suffices to consider vertical flip-over symmetry. 
The networks shown in Fig. 7-10d to fexhibit rotational symmetry 
with 8 = 180, 120, and 60°, respectively. Observe that any network 
which exhibits #-deg rotational symmetry also exhibits n@-deg 
rotational symmetry, where n is an integer. Hence, the network of 
Fig. 7-10f also exhibits 120° rotational symmetry. 

It is important to realize that the black boxes shown in Fig. 
7-10a to f must also exhibit electrical symmetry. For example, the 
network shown in Fig. 7-10g “seems” to exhibit vertical flip-over 
symmetry. If we actually flip over this network as shown in Fig. 
7-10h, we find the network to be only geometrically symmetric. 
This is because the polarities of the two nonlinear resistors R are 
now reversed, and hence their v-i curves are different, unless the 
resistors are bilateral.? Indeed, if we redraw the network in Fig. 
7-10h into the black-box configuration shown in Fig. 7-10i, it 
is clear that the DP plots of N’ and N” will not be identical unless 
the resistor R is bilateral. 


7-7-1. SOME APPLICATIONS OF SYMMETRY 
TO THE OPERATING-POINT PROBLEM 


We shall now derive a number of theorems which will often lead 
to shortcuts in the determination of the operating point of a sym- 
metric network. In order for these theorems to be valid for all 
cases, it is necessary to stipulate the following standing assumption: 
The network under consideration has a unique operating point.* 
We also assume that the short-circuit and the open-circuit substitution 
theorems are applicable whenever the voltage or the current is equal 
to zero. 
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1This term is suggested by 

the observation that if the 
network is drawn on a 
transparent sheet of paper, 
and if we flip over the 
paper along the axis a, 
the network remains un- 
changed. 


2 As defined in Sec. 1-6-3, a 
resistor is said to be bi- 
lateral if, and only if, its 
v-i curve is symmetrical 
with respect to the origin. 

3 One sufficient condition is 


the uniqueness theorem in 
Sec. 5-6. 
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(g) (h) (i) 


Fig. 7-10. An illustration of 
various types of symmetrical 
networks. 


We shall henceforth refer to the above assumption as the 
uniqueness hypothesis. If this assumption is not satisfied, the follow- 
ing theorems may still be valid; however, one must be careful to 
watch in each step that no extraneous solutions are introduced. 
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FLIP-OVER SYMMETRIC-NETWORK THEOREM 


Under the uniqueness hypothesis, the flip-over symmetric network 
shown in Fig. 7-1la is equivalent to the bisected network shown 
in Fig. 7-116. Hence, all horizontal wires may be open-circuited, 
and all pairs of crossed wires may be short-circuited, without 
affecting the operating point of the network. 


This theorem is intuitively obvious because if we flip over the 
network, we could not tell any difference. There is no preference, 
therefore, for the current in the horizontal wires to flow in one 
direction or the other. Similarly, there is no preference for the 
voltage across each side of the crossed wires to assume either 
polarity. The only way to satisfy this neutrality is for the currents 
and voltages to be zero. We could, of course, prove this theorem 
rigorously. To do this, it suffices to consider an arbitrary horizon- 
tal wire, such as a-b of Fig. 7-1la, and a pair of crossed wires, such 
as wires c-d and e-f. Let us now flip over the network and observe 
that point a becomes point b, and vice versa. Similarly, points 
c and e in the original network become points fand d in the flipped- 
over network, and vice versa. Since the network is assumed to have 
a unique solution, and since the two networks are identical, we 
have igh = ing and Uce = Vea. But if we apply KCL and KVL to the 
original network in Fig. 7-1la, we obtain the relations ig = —ipa 
and Uce = —vya. Since a number can equal its negative only if it is 
zero, we conclude that igg = ipg = 0 and Uce = v7q = O. Further- 
morte, in view of the uniqueness hypothesis, we can apply the open- 
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Fig. 7-11. Two equivalent net- 
works exhibiting flip-over sym- 
metry. 


(b) 
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Fig. 7-12. Two equivalent net- 
works exhibiting 180° rota- 
tional symmetry. 
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circuit substitution theorem and the short-circuit substitution 
theorem (Sec. 7-5) to obtain the equivalent network shown in Fig. 
7-1 1b. 


ROTATIONAL SYMMETRIC-NETWORK THEOREM 


Under the uniqueness hypothesis, the 180° rotational symmetric 
network shown in Fig. 7-12a is equivalent to the bisected network 
shown in Fig. 7-12b. Hence, each pair of crossed wires may be 
open-circuited, and each pair of corresponding horizontal wires 
may be short-circuited, without affecting the operating point of the 
network. 


This theorem follows from the observation that the network 
shown in Fig. 7-12a can be redrawn into one which exhibits 
vertical flip-over symmetry by “flipping” or “twisting” the right 
portion of the network along a horizontal axis through the center. 
In so doing, each pair of crossed wires becomes a pair of horizon- 
tal wires, and each pair of horizontal wires becomes a pair of 
crossed wires. 


SYMMETRIC LATTICE NETWORK THEOREM 


Under the uniqueness hypothesis, the voltages and currents of the 
two identical series-arm resistors R,4 (crossed-arm resistors Rg) of 
the symmetric, nonlinear lattice network shown in Fig. 7-13a are 
equal to each other; that is, v; = v3, Ve = Ua, 11 = i3, and ig = ig. 


(d) (e) 


Fig. 7-13. The step-by-step proof of the symmetric lattice network theorem. 
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1 Since the two bisected sub- 
networks are identical, 
only one part needs to be 
considered. 
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To prove this theorem, let us first apply the v-shift theorem 
through nodes a and 5b of the lattice network and obtain the 
equivalent networks shown in Fig. 7-13b and c, respectively. Let us 
next apply the series commutative property (Sec. 7-3) to move the 
resistor R, from the network in Fig. 7-13c into the position shown 
in Fig. 7-13d. The same property is used to interchange the posi- 
tion of the voltage source v and the resistors Ry and Rg (Fig. 
7-13d). Finally, let us rotate the network in Fig. 7-13d by 180° with 
respect to an axis perpendicular to the plane of the network 
as shown in Fig. 7-13e. Observe now that the networks shown in 
Fig. 7-13b and e are identical except for the voltage and current 
variables associated with the resistors. Moreover, in view of the 
uniqueness hypothesis, the network has a unique solution. Hence, 
we conclude that vy = v3, Ve = U4, 11 = 13, and ig = ig. 

Whenever applicable, the above theorems greatly simplify the 
solution of many operating-point problems. As an example, con- 
sider the network shown in Fig. 7-14a, where all resistors are 
assumed to be characterized by monotonically increasing v-i 
curves. Moreover, we shall assume that the four resistors labeled 
R’ are bilateral. An initial examination of this network does not 
reveal any form of symmetry. However, it is possible to transform 
this network so that it exhibits flip-over symmetry by interchanging 
the position of the resistor R’ and the voltage source E as shown 
in Fig. 7-14. Since the resistor R’ is bilateral, we may transpose 
its terminals, thereby obtaining a flip-over symmetric network. 
Hence, applying the flip-over symmetric-network theorem, we can 
short the pair of crossed wires to obtain the equivalent network 
shown in Fig. 7-14c.1 This network can be further simplified by 
splitting the resistor R” into two identical resistors Ro in parallel 
as shown in Fig. 7-14d. Notice that the terminals of the bilateral 
resistor R’ have been transposed in this figure in order that the 
resulting network exhibit rotational symmetry. An application of 
the rotational symmetric-network theorem leads to the equivalent 
network shown in Fig. 7-14e. This network is now relatively simple 
to analyze. 


7-7-2 SOME APPLICATIONS OF SYMMETRY TO THE 
DETERMINATION OF DP PLOTS AND TC PLOTS 


There are many practical networks for which the DP plot or TC 
plot exhibits some form of symmetry. If we can tell, a priori, the 
type of symmetry, then only half of the work needs to be done. We 
shall now derive a number of useful properties for this purpose. 
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Fig. 7-15. The DP plot and TC 


plot of any horizontally sym- — SYMMETRIC DP PLOT-TC PLOT THEOREM 
metric black box are symmetri- 


cal with respect to the origin. Tf a black box exhibits a flip-over symmetry with respect to the 
horizontal axis a through the center of the box (Fig. 7-15a), then 
the DP plot across any pair of symmetrically spaced driving-point 
terminals is symmetrical with respect to the origin. Similarly, the 
TC plot from any pair of symmetrically spaced output terminals 
to a pair of symmetrically spaced driving-point terminals is also 
symmetrical with respect to the origin. 


The first part of the theorem follows immediately from the 
fact that the flip-over symmetry implies that the two-terminal 
black box is bilateral. To prove that the TC plot is also symmetrical, 
let us denote the TC plot of the black box in Fig. 7-l5a by 
Vcd = f (Vav). If we flip over the box, the TC plot remains unchanged 
because the two black boxes are indistinguishable. Hence, 
Vac = f (Usa). But KVL implies that veq = —Vac and Van = —Ueq. 
This means that ve¢ = —f (Ura) = —f(—Vav), and hence the TC 

‘This theorem is valid for Plot is indeed symmetrical with respect to the origin. 
arbitrary, nonlinear resis- As a direct consequence of this theorem, we can state the fol- 
aoe age eae oe lowing very useful property:1 The DP plot across two identical re- 
plot and TC plot may be SéStors connected back to back in series (Fig. 7-15b), or back to 
multivalued. front in parallel (Fig. 7-15c) is symmetrical with respect to the 
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origin. Since the resistors need not be bilateral, this property 
is often used in practice for obtaining symmetrical DP plots from 
nonbilateral resistors. For example, the two-zener diode back-to- 
back circuit shown in Fig. 7-15d is widely used in practice to 
obtain a symmetrical zener v-i curve. Similarly, the tunnel-diode 
battery combination shown in Fig. 7-15e is used in many switching 
circuit applications (Chap. 16) which require a symmetrical DP 
plot. 

Since the nonlinear lattice network is one of the most versatile 
and useful circuits in practice, let us take a further look at the cir- 
cuit shown in Fig. 7-16a.1 We shall state two general properties of 
this network. 


SYMMETRIC LATTICE NETWORK: PROPERTY 1 


If resistors R, and Ro» are identical and resistors R3 and R, are 
identical, then corresponding to any value of v2, the DP plot is 
symmetrical with respect to the origin. 


This property can be easily verified by applying the v-shift 
theorem to obtain the equivalent circuit shown in Fig. 7-16b. If Ri 
is identical with Ro, and R3 is identical with R4, then this circuit 
exhibits horizontal symmetry. The property, therefore, follows 
from the symmetric DP plot-TC plot theorem. 


SYMMETRIC LATTICE NETWORK: PROPERTY 2 


If the four resistors Ri, Re, R3, and R4 in Fig. 7-16c are identical, 
then the v,-vs.-v; TC plot is symmetrical with respect to the v, axis. 


To prove this property, let us obtain the output-characteristic 
curve corresponding to each value v; = k of the circuit shown in 
Fig. 7-16c. If we apply the v-shift theorem, we obtain the equiva- 
lent network shown in Fig. 7-16d. Notice that since all four 
resistors are identical, the two black boxes N; and Ne differ only 
in the polarity of the voltage source. If we multiply the terminal 
voltage v; of both voltage sources by minus 1, the black box 
Nez becomes black box N;, and the black box Ny; becomes black 
box Ne. Hence, applying the series commutative property, we con- 
clude that the DP plots across terminals c-d corresponding to 
vy, = kandv; = —kare identical. This means that regardless of the 
load resistor R;, the load-line construction must lead to a TC plot 
which is symmetrical with respect to the v, axis. 
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1 Observe that the polarities 
of the two resistors Ro 
and R, are chosen opposite 
to those shown in Fig. 
7-134. 
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(d) 


Fig. 7-16. Saber lattice In view of this property, we need to find only the TC plot 
Pe pent bp ce corresponding to v; > 0. The other half is simply a mirror reflec- 
properties of a symmetric non. tion about the v, axis. Since the full-wave rectifier circuit shown in 
linear lattice. Fig. 7-8a satisfies the hypothesis of this property, we could have 

saved half the work if we realized earlier that the TC plot is 


symmetrical. 


Exercise 1: Give an example of a network which exhibits the following types of 
symmetry: (a) 0 = 30, 45, and 90° rotational symmetry. (6) Both flip-over and 
rotational symmetry. 
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Exercise 2: Show that a network exhibits @ = 180° rotational symmetry if, and 
only if, the network remains invariant after it is flipped over twice with respect to 
vertical and horizontal axes of symmetry. 


Exercise 3: Prove the rotational symmetric-network theorem rigorously. 


Exercise 4: Show that by flipping over one side of the network shown in Fig. 7-145, 
the network is transformed into one which exhibits rotational symmetry. Verify 
that the same end result shown in Fig. 7-14e is obtained by this approach. 


Exercise 5: Show that if all resistors in the lattice network of Fig. 7-13a are bi- 
lateral, then both the DP plot across terminals a-b and the v,-vs.-v TC plot are 
symmetrical with respect to the origin. 


7-8 COMPLEMENTARY NETWORKS 


There are many practical networks which occur in pairs and there- 
fore can be analyzed as a single entity. For example, two circuits 
which differ only in that one contains p-n-p transistors while the 
other contains n-p-n transistors should logically be analyzed as 
one circuit. In order to formulate a systematic procedure for doing 
this, we need the following definitions:1 


DEFINITION OF COMPLEMENTARY RESISTORS 


Given an n-terminal resistor R, we define an associated comple- 
mentary resistor R by multiplying all voltage and current coordinates 
(including the parameters) of the characteristic curves of R by 
minus 1. 


If n = 2, the 0-i curve of the complementary resistor R is ob- 
tained by rotating the v-i curve by 180° with respect to the origin. 
The complement of a bilateral resistor is therefore itself, and the 
complement of a nonbilateral resistor (including a voltage source 
and a current source) is obtained by transposing the terminals of 
the original resistor R. 

If we replace each resistor in a given network N by its com- 
plement, we obtain the complementary network N. The following 
theorem is very useful for analyzing a large class of practical 
circuits. 


COMPLEMENTARY-NETWORK THEOREM 


If N is the complementary network associated with a given net- 
work N, then the voltage across any pair of nodes of N is equal to 
the negative of the corresponding voltage in N. Similarly, the cur- 


353 


1All definitions and con- 
cepts introduced in this 
section are applicable also 
to dynamic networks. 
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(a) 


Fig. 7-17. An example of two 
complementary nonlinear net- 
works. 
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rent in any wire of N is equal to the negative of the corresponding 
current in N. 


To prove this theorem, we first observe that the equations of 
motion of N and WN are identical, provided we define each voltage 
and current variable of N to be the negative of the corresponding 
variable in NV. The operating points of the two networks are there- 
fore identical, apart from a negative sign. 

This theorem is often used in practice for converting a net- 
work containing p-n-p transistors or p-channel FETs into a com- 
plementary network containing n-p-n transistors or n-channel 
FETs. This application is particularly useful in the design of 
“logic circuits” to be discussed in Chap. 10. As a simple example, 
consider the network shown in Fig. 7-17a. The complement of this 
network is easily constructed as shown in Fig. 7-17b. If the operat- 
ing point of the original network is given by (%,i;), 7 = 1, 2,..., 6, 
then the corresponding operating point (0,,i;) of the complemen- 
tary network is given by 0; = —v; and i; = —ij, 7 = 1, 2,...,6. 


Exercise 1: Show that if a network contains only passive bilateral resistors and 
no sources, then the voltage and current variables of this network must be 
identically zero. 


Exercise 2: Explain how to obtain the complement of a controlled source. 
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Exercise 3: Find the complement of a gyrator, a rotator, a scalor, a reflector, and 
an ideal transformer. 
7-9 SOME PRACTICAL CIRCUITS 


We shall now show how the principles introduced so far can be 
used to analyze many practical circuits of interest. 


7-9-1. DC AMPLIFIER 


The circuit shown in Fig. 7-18a can be designed to give a TC plot 
Uo = Av; Over some range of input voltage v;. Since this circuit is 
usually used with a dc input voltage and since A > 1, it is called a 


(a) 


nnesinetins 


Slope of linear region = A 


(b) 
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Fig. 7-18. An illustration of the 
application of symmetry prin- 
ciples in simplifying the analy- 
sis of a dc amplifier circuit. 
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1]t is possible for this cir- 
cuit to have more than 
one solution. Hence, we 
must watch out for the 
possibility of extraneous, 
and hence erroneous, solu- 
tions. 


Resistive nonlinear networks 


dc amplifier. The black box seen by the driving-point voltage source 
v; exhibits horizontal flip-over symmetry. Hence, both the DP plot 
and the v,-vs.-v; TC plot are symmetrical with respect to the origin. 
A typical TC plot is shown in Fig. 7-180. 

The first step in the design of a dc amplifier is the determina- 
tion of the operating point when v; = 0. If we redraw this circuit 
as shown in Fig. 7-18c, we find that it exhibits vertical flip-over 
symmetry.! Under appropriate design, this circuit has a unique 
solution, and, hence, applying the flip-over symmetric-network 
theorem, we may open-circuit the horizontal wires and short- 
circuit the crossed wires and obtain the equivalent circuit (only 
one-half is shown) shown in Fig. 7-18d. The operating point of this 
much-simplified circuit can now be easily obtained. 

There are several practical reasons for preferring symmetrical 
circuits over unsymmetrical ones. The most important reason is 
that the output voltage v, of symmetric circuits such as the 
dc amplifier shown in Fig. 7-18a is not sensitive to changes in ele- 
ment parameter values, provided the changes take place also in a 
symmetrical sense. For example, if v; = 0 in Fig. 7-18a, then 
Uo = O regardless of the values of E, Ri, Ro, and R3, provided that 
each of the two symmetrically located resistors changes by an equal 
amount. Since all practical circuits are subject to variation due to 
temperature, aging, supply voltage changes, etc., the use of sym- 
metrical circuits tends to minimize the effect resulting from such 
changes. This principle is widely used in the fabrication of inte- 
grated circuits because it is known that the circuit parameters of 
an integrated circuit vary in an amazingly uniform and sym- 
metrical manner. 


7-9-2, COMPLEMENTARY SYMMETRIC AMPLIFIER 


The circuit shown in Fig. 7-19a contains an n-p-n transistor T; and a 
p-n-p transistor T2 and is called a complementary symmetric am- 
plifier because the network graph is symmetrical and the transistors 
are complementary. In order to obtain the v,-vs.-v; TC plot graph- 
ically, we apply the v-shift theorem and obtain the equivalent net- 
work shown in Fig. 7-19b. Notice that this circuit can be con- 
sidered as a load resistor R across the parallel combination of the 
two black boxes N; and Np. It suffices, therefore, to determine the 
DP plot across terminals a-b corresponding to each value v; = k. 
Observe that we can save half of the work by taking advantage of 
the fact that the network N; with v; = k is the complement of the 
network Nz with v; = —k, and vice versa. Hence, we have to find 


Principles of equivalence and symmetry 


only the system of v-i; curves corresponding to both positive and 
negative values of v; in order to determine the DP plot across 
terminals a-b. 


7-9-3, PUSH-PULL AMPLIFIER 


We shall conclude this section with a discussion of one of the 
most commonly used nonlinear networks, the push-pull amplifier 
circuit shown in Fig. 7-20a. The input is excited by two identical 
voltage sources v;, and the output voltage is taken across the col- 
lectors of the two transistors. With the exception of the polarity of 
the voltage source v;, this circuit exhibits a horizontal flip-over 
symmetry. Hence, by the same argument as before, we conclude 
that the TC plot between v, and v; must be symmetrical with re- 
spect to the origin. To actually determine the TC plot, we apply 
the v-shift theorem to batteries EL; and F2 and redraw the network 
into the more convenient form shown in Fig. 7-20b. Since the wire 
connecting the upper and lower portions of the circuit is a cut set 
by itself, the current in the wire is zero, and hence we may cut the 
wire without affecting the solution of the network. The TC plot 
from the collector-emitter terminals to the input voltage source can 
be easily obtained by the double load-line method. The typical TC 
plots for va» versus v; and —vUcq Versus v; are shown, respectively, in 
Fig. 7-20c and d. An inspection of Fig. 7-20b shows that vu, = 
Vap — Uca; hence, the desired v,-vs.-v; TC plot is simply obtained by 
addition of the TC plots shown in Fig. 7-20c and d. The resulting 
plot shown in Fig. 7-20e is indeed symmetrical with respect to the 
origin. 

In order to appreciate why this circuit is useful, the output 
voltage waveforms for vap(t), —Uca(t), and v,(¢) are shown in Fig. 
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Fig. 7-19. An example of a 


complementary 
amplifier circuit. 


symmetric 


(d) | Iyer meee 


45° 


(f) (7) 


Fig. 7-20. The graphical procedure for determining the TC plot of a push-pull amplifier circuit. 
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7-20g to i, respectively, corresponding to the input sinusoidal volt- 
age v,(t) shown in Fig. 7-20j. Notice that both Var(t) and Ueq(t) 
suffer from serious distortion every half-cycle. Combining these 
signals, however, tends to cancel the distortion, so to speak, thereby 
resulting in a high-voltage amplified sinusoidal waveform of high 
fidelity. In view of this property, most good hi-fi sets use a push- 
pull amplifier in the output stage. 

In practice, the two identical voltage sources v; are usually re- 
placed by one voltage source and a three-winding transformer as 
shown in Fig. 7-21a. This transformer is a practical model of the 
three-port ideal transformer defined earlier by Eq. (3-47) of Sec. 
3-5-2. For convenience, let us rewrite this equation with nz = n3; 
thus 


ve =, (7-1) 
ny 

vp = 29, (7-2) 
ny 

Nyly + Nolo + Neiz = 0 (7-3) 


In order to understand the action of this transformer, let us show 
that it is equivalent to the network N2 shown in Fig. 7-21b. Writ- 
ing the KVL and KCL equations for Ny, we obtain 


v1 = U,(t) — Riy (7-4) 
ig= I, (7-5) 
i=h+ Ip (7-6) 
Ey = 0o'+ U3 (7-7) 
E2 = bs (7-8) 


Substituting Eq. (7-3) for i; in Eq. (7-4), we obtain 
vy = v(t) + i mc 1 + Ie) (7-9) 


Substituting Eqs. (7-1), (7-2), and (7-9) into Eqs. (7-7) and (7-8), 
we obtain 


(Rees (72 2) Rig (“2 2) Rie 2(% 2) ox (7-10) 
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(a) (b) 


Fig. 7-21. An illustration of 
the use of a three-port ideal 
transformer in place of two 
back-to-back voltage sources 
required by the push-pull 
amplifier. 


(d) (e) 
WU 
n 2 
i) 
2 2 
Be (=) Rie a) Ris (22) v,(t) (7-11) 
ny ny ny 


But Eqs. (7-10) and (7-11) are exactly the equations characterizing 
the network No of Fig. 7-21b, and hence N; and No» are indeed 
equivalent. 
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Notice that if we add a resistance (n2/n;)2R in series with the 
center wire as shown in Fig. 7-21c, the negative resistance drops 
out as shown in Fig. 7-2ld. Notice also that this circuit can 
be further simplified to that shown in Fig. 7-2le by setting R = 0 
and nz = ny in Fig. 7-2la. Hence, we have demonstrated that a 
three-winding transformer can be substituted in place of two 
identical voltage sources connected back to back in series. This 
technique is widely used in practice. In fact, two of these trans- 
formers are commonly used in place of the voltage source v; and 
resistors Rz of the push-pull amplifier as shown in Fig. 7-21f. The 
values of the resistances have been chosen to show that the circuits 
in Figs. 7-20a and 7-21f are exactly equivalent. In practice, this is 
of course unnecessary. In fact, we can save the battery E, by 
shorting it and connecting a resistor from the transformer center 
tap to the positive side of the battery Eo. 


Exercise 1: Explain why we split the voltage source E and resistor R3 into 
two identical parts as shown in the equivalent network in Fig. 7-18c. 


Exercise 2: Give the step-by-step procedure for determining the TC plot of the 
complementary symmetric amplifier circuit in Fig. 7-19. 


Exercise 3: Find the TC plots shown in Fig. 7-20 for the following set of specifica- 
tions: Ri = 500 Q, Re = 200 Q, FE; = 0.5 volt, Ez = 10 volts, and assuming the 
two transistors to be type 2NXX17A (see Appendix D). 


Exercise 4: Find the equivalent circuit across port 2 of a two-port ideal transformer 
with port 1 connected to a voltage source v, and resistor R in series. 


Exercise 5: (a) Verify that the push-pull amplifier circuits shown in Figs. 7-20a 
and 7-21f are exactly equivalent. (b) Show that the battery £; can be traded by 
a resistor R of appropriate resistance. (c) Specify the value of R in terms of the 
voltage £}. 


7-10 SUMMARY 


Equivalent networks Two n-terminal networks Ny and N2 are equiv- 
alent if, and only if, they can be interchangeably connected to any 
external network N without affecting the solution of the elements 
inside N. It is meaningless to compare the solutions inside N1 
and Np. 


Some useful equivalent network properties 
1. Series (parallel) commutative property 
2. Redundant series (shunt) element property 


3. Equivalent current (voltage) source property 
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Some useful equivalent network theorems 

. Nonlinear Thévenin (Norton’s) theorem 
. Voltage-source substitution theorem 

. Current-source substitution theorem 
Short-circuit substitution theorem 
Open-circuit substitution theorem 


v-shift theorem 


NOOR WN 


i-shift theorem 


Symmetry 

1. Flip-over Symmetry: Axis of symmetry lies on the plane of 
the network. Common types are vertical and horizontal 
symmetry. 

2. Rotational Symmetry: Axis of symmetry is perpendicular to 
the plane of the network. Common type is 180° rotational 
symmetry. 

Some useful theorems on symmetry 

1. Flip-over symmetric-network theorem 

2. Rotational symmetric-network theorem 

3. Symmetric lattice network theorem 

4. Symmetric DP plot-TC plot theorem 

Complementary-network theorem The voltage and current solution 


of a given network N is equal to the negative of the complemen- 
tary network JN. 


PROBLEMS 


Fig.p7-1, 7-1 Find the operating points of the networks shown in Fig. P7-la and 
b. Assume the transformers to be ideal. 


2 


i, + vine 
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7-2 The network shown in Fig. P7-2 contains two nonmonotonic 

elements. 

(a) Find the operating points of the network. 

(b) Apply the vertical flip-over symmetry theorem to the network 
and find the operating points. Is the result the same as in part 
(a)? Why or why not? 

(c) Change the resistor from 500 to 100 Q and repeat parts 
(a) and (5). 


1.0ma 


Fig. P7-2. 


7-3. The nonlinear lattice network in Fig. P7-3 contains two INXX7 
back diodes, which are nonmonotonic elements. 

(a) Use graphical analysis to find the operating points of the net- 
work. (HINT: Apply the v-shift theorem.) Is the operating 
point unique? 

(b) Apply the vertical flip-over symmetric-network theorem to 
the network and find the operating points. 


200 mv 200 mv 


Fig. P7-3. 
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7-4 The network in Fig. P7-4 contains three type INXXS5 varistors. 
(a) Use graphical analysis to find the operating points of the 
network. 
(b) The network has rotational symmetry. Use this property to 
find the operating points. Check your answer with part (a). 


20 2 


Fig. P7-4. 
7-5 For the network shown in Fig. P7-5, apply the v-shift theorem to 
find the following: 
(a) The voltage across the varistor when v = 100 mv 
(b) The DP plot across terminals a-b 
(c) The v,-vs.-v TC plot 
Fig. P7-5. 


7-6 For the network shown in Fig. P7-6, apply the i-shift theorem to 
find the following: 
(a) The voltage across the varistor when i = 100 ma 
(b) The DP plot across terminals a-b 
(c) The v,-vs.-i TC plot. 
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Fig. P7-6. 


7-7 Consider the symmetric nonlinear lattice network shown in Fig. 
7-13a of the text. Find the operating points of the network corre- 
sponding to the v-i curves for Ry, Rg, and Ry, in Fig. P7-7a to c. 
Assume that v = 10 volts. Use the symmetric lattice network 
theorem to verify your answers. 


(a) 


7-8 Find the complements of the networks shown in Fig. P7-8a 
and b. 
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7-9 The two basic circuits shown in Fig. P7-9a and b are usually used 
in practice to detect changes in temperature and light illumination. 
(a) Give the step-by-step procedure for determining the TC plots 
of these circuits. 
(b) Give the principles of operation. 
(c) Why is a bridge circuit chosen for this purpose? 


Sensing Reference 
element element 


Fig. P7-9. 7.10 Give the step-by-step procedure for determining the characteristic 
curves of the three common compound transistor circuits shown in 
Fig. P7-10a to c. 


(a) c (b) oc (c) c 


Fig. P7-10. 7-11 Give the step-by-step procedure for determining the v,-vs.-vj TC 
plots of the three common direct-coupled amplifier circuits shown 
Fig. P7-11. in Fig. P7-1la to c. 


(a) 
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7-12 Give the step-by-step procedure for determining the operating 
point of the networks shown in Fig. P7-12a and b when vu; = 0. Do 
the DP plot and TC plot of these networks possess any form 
of symmetry? 


(a) (6) 

Fig. P7-12. 
7-13 Prove that the two networks shown in Fig. P7-13a and b are equiv- 
alent, thus allowing the use of one multi-tap battery instead of n 


batteries. Fig. P7-13. 


8-1 WHAT IS NETWORK SYNTHESIS? 


So far, we have been doing “network analysis,” and the emphasis 
has been on the determination of the operating points, the DP 
plots, and the TC plots of resistive nonlinear networks. Consider 
now the converse problem: Given a set of specifications in the form 
of an operating point, a DP plot, a TC plot, or a combination of 
them, find a network with the prescribed specifications. The study 
of this problem is called network synthesis. 

There is a basic difference between network analysis and net- 
work synthesis. In network analysis, there is always an answer. 
However, in network synthesis, an answer does not always exist. 
It is possible that no network can be found to have a certain 
specification, in which case the specification is said to be unrealiz- 
able. Another basic difference between analysis and synthesis is 
the fact that if a given specification is realizable, then there are 
generally many distinct networks that can be found which have 
the same specifications. 

The possibility of more than one realization suggests that a 
particular realization may be better than another with respect to 
some practical criteria such as complexity, economy, reliability, 
sensitivity, weight, and space factors. For example, one realization 
may be better than another with respect to economy but may be 
inferior to another with respect to reliability. The point we are 
driving at is that there is no such thing as the best realization 
per se. However, in any practical problem, there is always an op- 
timum choice with respect to some criteria. The task of choosing 
the optimum realization from among a number of possibilities is 
called network design. 


It is important to distinguish between network synthesis and 
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network design. In network synthesis we are interested only in 
finding a network that meets the specifications. No other considera- 
tion is involved. In network design we go one step further and 
choose an optimum realization with respect to some design criteria 
which often involve economic and other nonelectrical considera- 
tions. Hence, much personal judgment and experience are often 
necessary to arrive at an optimum realization. In view of this sub- 
jective nature of network design, only network synthesis will be 
considered in this book. 


8-2 SYNTHESIS OF OPERATING POINTS 


The first step in the design of many electronic circuits is to synthe- 
size a network so that when it is connected to a two-terminal or 
three-terminal resistor R, a prescribed operating point is realized. 
The network for achieving this task is called a biasing network. 
There are many reasons why a particular operating point may be 
preferred over another. In the case of an amplifier, an optimum 
operating point might be one which leads to more gain (amplifica- 
tion of the input signal) and less distortion (departure from the 
desired signal). In the case of switching circuits, a number of 
suitably spaced operating points may be prescribed in order to 
carry out some logic function. Other considerations may involve 
power dissipation and sensitivity of the operating point to tem- 
perature variations. 


8-2-1 BIASING A TWO-TERMINAL NONLINEAR RESISTOR 


Given a two-terminal resistor R with a v-i curve I’, let us study 
some methods for synthesizing a biasing network N as shown in 
Fig. 8-la in order that resistor R will operate at some prescribed 
point Q on I. If [ is either voltage-controlled or current-controlled, 
then the simple biasing network shown in Fig. 8-1 can always be 
chosen so that its load line passes through Q. For example, the 
load-line construction in Fig. 8-1c illustrates how a tunnel diode 
can be biased. Notice that this biasing network is not unique 
because we can choose many different values for the battery volt- 
age E and solve for the corresponding resistance Ry, or vice versa." 

All practical devices are temperature-sensitive to some extent. 
Over a given range of temperatures T; < T < T», the v-i curve of 
the tunnel diode may vary within the band shown in Fig. 8-ld. 
Accordingly, the operating point will also change with temperature. 
In some sensitive instruments, it is usually important that the 
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1JTn practice, however, we 
are usually constrained to 
use standard battery volt- 
ages. In this case, the bi- 
asing network is unique 
with respect to the pre- 
scribed voltage. 
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Load line 


(a) (b) (c) 


() 
Fig. 8-1. An example of the ’ 
synthesis of a linear and a operating current Ig lie between two prescribed bounds, such as 


nonlinear biasing network for 
a two-terminal resistor. 


I, < Ig < Iz corresponding to the point Q; at 7; and the point Q»2 
at T>. In this case, it is necessary that E > Emin, where Emin is the 
voltage intercept of the load line through the points Q; and Q2 in 
Fig. 8-1d. 

An examination of Fig. 8-1d shows that the power dissipated 
in the biasing resistor R;, is equal to p = Vr,Jg, where Ve, = 
Emin — Vg. Since this power is merely wasted as heat, there are 
applications, such as in a spacecraft where power must be con- 
served, which dictate the use of a nonlinear biasing network. For 
example, a nonlinear load line may be chosen so that it passes 
through the points Q; and Q2 as shown in Fig. 8-le. Since the 
voltage Vp, across the biasing resistor is now smaller, we have 
achieved the same objective but with less power dissipation. The 
nonlinear load line in this example can be realized by the passive 
nonlinear resistor-battery network shown in Fig. 8-17. The passive 
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nonlinear resistor can be realized by synthesizing an appropriate 
DP plot by the methods to be presented shortly. 

No discussion of biasing techniques is complete without a 
consideration of the sensitivity of the operating point as a function 
of temperature. Perhaps a specific example will illustrate some of 
the practical problems which we have not yet considered. 


EXAMPLE 


The v-i curve of a typical nonlinear resistor is shown in Fig. 8-2a 
as a function of the ambient temperature. Assuming that the 
resistor has a maximum allowable power dissipation of 80 mw, it 
is desired to design a biasing network so that (1) at T = 25°C the 


20 20 
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Maximum-power 
hyperbola 
(p = vi = 80 mw) 


v, volts 


Load line L, 
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Fig. 8-2. An example of the 
thermal-runaway phenomenon 
in a two-terminal resistor. 


Load line Lo 


30 v, volts 


Load line L3 


i, ma 


20 


Maximum- power 
hyperbola 
(p = 80 mw) 


p=50 mw 


i, ma 


20 


Maximum-power 
hyperbola 
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v, volts 
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operating point is at Q, and (2) the resistor is to be used in an 
environment where the temperature ranges from 25 to 150°C. This 
condition requires that the operating point be located below the 
maximum-power hyperbola p = vi = 80 mw at all times. 

There are infinitely many load lines that will intersect the v-i 
curve (corresponding to T = 25°) at Q. Three typical load lines 
are shown in Fig. 8-2b. However, not all these load lines will satisfy 
condition 2. 

Consider first the load line 1. Let us draw the constant-power 
hyperbola passing through Q, namely, p = 5(10) = 50 mw, as 
shown in Fig. 8-2c. Now observe that as the temperature increases 
to T = 50°, the operating point shifts to Q’. Although Q’ is still 
below the maximum-power hyperbola, it is above the constant- 
power hyperbola passing through Q. This means that the power 
dissipation at point Q’ is greater than the power dissipation at 
point Q. If allowed to persist, this increase in power dissipation 
might produce enough heat to raise the surrounding temperature. 
For example, the temperature might eventually reach T = 75°. At 
this temperature, the operating point shifts to Q”. Observe that 
Q” lies just below the maximum-power hyperbola. If this new oper- 
ating point is allowed to persist, the surrounding temperature might 
again increase. The increase in temperature will shift the operating 
point still closer toward the maximum-power hyperbola. Since the 
process is cumulative and unstable, the operating point will 
eventually cross the maximum-power hyperbola, thereby destroying 
the device. This unstable phenomenon which leads to the eventual 
destruction of the device is usually called thermal runaway. 

Before we determine the condition to avoid thermal runaway, 
let us consider the load line Lz. From Fig. 8-2d we observe that as 
the temperature increases from 25 to 50°C, the operating point 
shifts from Q to Q’. This time, however, Q’ lies below the constant- 
power hyperbola passing through Q. This means that the power 
dissipation at point Q’ is even less than the power dissipation at 
point Q. Therefore, the temperature will not increase, and the 
operating point is stable. 

It is easy to see that there must be a critical load line between 
L, and L» which separates the unstable thermal-runaway phenome- 
non from the stable one. In fact, we observe from Fig. 8-2d that the 
maximum allowable slope of the load line passing through Q must 
be equal to the tangent at Q of the p = 50 constant-power hyper- 
bola. Any slope greater than the tangent at Q would lead to 
a destructive thermal-runaway phenomenon. 
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Since the thermal-runaway phenomenon is an important 
problem to prevent in practice, let us derive a general criterion. 
For convenience, the positive-slope portion of the v-i curve of a two- 
terminal resistor is said to exhibit a negative temperature coefficient 
if dv/dT < 0. This means that for each fixed value of i, the voltage v 
of the v-i curve decreases as the temperature T increases. Similarly, 
the positive-slope portion of the v-i curve is said to exhibit a posi- 
tive temperature coefficient if 0v/0T > 0. From the above considera- 
tion, it is clear that to prevent thermal runaway of a negative 
temperature coefficient resistor, the minimum value of the load re- 
sistor R; must be such that the load line is tangent to the constant- 
power hyperbola vi = pg at the operating point ([9,V@). The slope 
at Q is given by 


ea v2 v=Ve V9? (8-1) 
But po = Voglq at Q, hence Eq. (8-1) becomes 

GL ine LO 

ov , = Vo c ) 


From Eq. (8-2) we obtain the criterion Ry; > Vg/Ig. Similarly, to 
prevent thermal runaway in a positive temperature coefficient re- 
sistor, it is easily seen that the criterion is Ry < Vo/Ig. 

The preceding discussion has neglected several factors such as 
the heat transfer by conduction, convection, and radiation from 
the resistor to the outside world. These thermal factors must be 
considered in any practical design. Since they are mostly empirical 
in nature, they are outside the scope of this book. From a purely 
circuit point of view, however, which is often rather conservative, 
we can summarize the above results in the form of a theorem.? 


THERMAL-RUNAWAY CRITERION FOR TWO-TERMINAL RESISTORS 


Let ([9,Vg) be the prescribed operating point of a two-terminal re- 
sistor. In order to prevent the thermal-runaway phenomenon from 
occurring, it is sufficient that the load resistance R;, be greater 
than Vo/Ig if the resistor has a negative temperature coefficient, 
and be less than Vg/Jg if the resistor has a positive temperature 
coefficient. 
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1 This is consistent with the 
popular usage where a 
temperature coefficient is 
said to be negative if the 
de resistance correspond- 
ing to the /inear portion of 
the v-i curve decreases as 
the temperature increases. 


2 Since conduction, convec- 
tion, and radiation all work 
in our favor, the criterion 
in this theorem should be 
interpreted as a worst case 
criterion. 
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1 Review the resistance rep- 
resentation for a linear 
network given earlier in 
Eq. (3-17). 
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8-2-2 BIASING A THREE-TERMINAL NONLINEAR RESISTOR 


Given the input- and output-characteristic curves of a three- 
terminal nonlinear resistor R and a point Q on the curves with 
coordinates (19,Vig,l29,V29), we would like to find the most 
general three-terminal linear biasing network N so that when it is 
connected to R, as shown in Fig. 8-3a, the operating point will be 
at Q. 

Observe that since the input- or the output-characteristic 
curves of any three-terminal nonlinear resistor can relate only 
three out of the four terminal variables, the operating point Q 
must be specified in both sets of curves. Moreover, since two 
of the three coordinates are identical in each set of curves, only 
two of the four coordinates of the operating point can be specified 
arbitrarily. This means that once we fix a point in either the input- 
or the output-characteristic curves, the corresponding point in the 
other set of characteristic curves must be chosen so that two of 
the coordinates of each point are consistent with one another. For 
example, consider the input- and output-characteristic curves of a 
typical unijunction transistor as shown in Fig. 8-3b and c. If we 
fix the operating point Q of the input curves at J; = 6 maand Vy = 
3 volts, then Fig. 8-3b shows that this requires V2 = 15 volts. 
Since the two coordinates V2 and J; also appear in the out- 
put curves, it is clear that the corresponding point in Fig. 8-3c must 
be fixed at V2 = 15 volts, J; = 6 ma, and Jz = 6.5 ma. The point 
we are driving at is that we cannot arbitrarily specify any 
four numbers and require them to be the coordinates 11, V1, Iz, V2 
of the operating point Q because these coordinates may not be con- 
sistent with the characteristic curves of the three-terminal resistor. 
This is, of course, analogous to the case of a two-terminal resistor 
where we can only specify the current or the voltage; otherwise, 
the point may not be consistent with the v-i curve of the two- 
terminal resistor. 

Since the biasing network N is assumed to be linear, its input- 
and output-characteristic curves consist of a family of parallel 
straight lines; namely,! 


Vy = Fy1l1 + Pieig + e1 (8-3) 
Ve = Foil1 + reele + e2 (8-4) 
where 714, 112, 21, 22, €1, and es are constants which depend on 


the slopes and intercepts of the family of straight lines. If the 
biasing network contains only linear resistances and independent 
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I,,ma 


3 - terminal 
resistor R 


3 - terminal 
biasing network N 


(a) 


sources, it can be proved that ri2 = re1. Hence, without loss 
of generality, we can write Eqs. (8-3) and (8-4) in the form 


(8-5) 
(8-6) 


U1 = Fiili + Miele + 1 


Ve = Fy2l1 + Peele + e2 


Observe that Eqs. (8-5) and (8-6) can be written once we know 711, 
r12, '22, €1, and é. This means that the biasing network N is com- 
pletely specified by these five parameters only. Our next objec- 
tive is to determine these parameters so that the operating point 
of the three-terminal resistor of Fig. 8-3a will be located at 
(i9Vi19L29,V 29). Since 14 = —J;, i — fo, ie — Vic and Cs— V2 
at the operating point, Eqs. (8-5) and (8-6) become 


(8-7) 
(8-8) 


Vagsr=riilig — rielag +41 


Voq = —Mielig — raeleg + €2 


Since there are five unknowns but only two equations, we can 
arbitrarily assume values for three of them and solve for the 
remaining two.! 

What we have shown so far is that, given the coordinates 
(19Vig-L29,V29) of any operating point Q, we can always find the 
five pertinent parameters 711, ’12, ’22, €1, and é» of the biasing net- 
work N. Our next objective is to find a general network configura- 
tion that can be designed with any prescribed set of parameters. It 
is clear that since there are five parameters to satisfy, any general 
network configuration must contain at least five elements. Our 
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ee 
40 V,, volts 


(c) 


Fig. 8-3. A three-terminal bi- 
asing network is needed to 
establish an operating point Q 
on the input- and output-char- 
acteristic curves of a three- 
terminal resistor. 


1Jn order for the equations 

to be consistent, the 
three assumed variables 
must not come from the 
same equation. Hence, the 
combinations  (7'11,/12,€1) 
and (12,!'22,€2) are not 
allowed. 
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first instinct is to attempt to generalize the two-terminal biasing 
network of Fig. 8-1b to the three-terminal network shown in Fig. 
8-4a. Observe, however, that we can always apply the v-shift 
theorem to eliminate the voltage source Ec by combining it with 
E, and Ep. In other words, the five-element network shown in 
Fig. 8-4b is just as general as that shown in Fig. 8-4a. To find the 
values of the elements, we write the terminal equations of this 
network; thus 


yi, = (Ri + R3)i1 + Roi th Jiy (8-9) 
i= R34 + (Re + R3)iz + E> (8-10) 


Comparing Eqs. (8-9) and (8-10) with Eqs. (8-5) and (8-6), we 
obtain 


Ry + Rg =ru 
Ret 119 

Ro + Rz = ree (8-11) 
Ey = EI 
Eo = e2 


From these equations we obtain 


Ri =r — re 


Ro = rez — r12 


Ka = i3 (8-12) 
Ey = (Al 
Ex. = €2 


We conclude, therefore, that we can always choose Ri, Re, R3, Fi, 
and E>» to realize any specification r11, riz, re2, e1, and eo. If 
we connect the network of Fig. 8-45 to the three-terminal resistor 
shown in Fig. 8-4c, we obtain the prescribed operating point Q. 
A closer examination of Eqs. (8-11) and (8-12) shows that 
there is a one-to-one correspondence between Rj, Ro, R3, E1, Eo, 
and 11, 12, 22, €1, €2. Given either set of parameters, we can com- 
pute the other. This means that if we can arbitrarily assume the 
values of three of the five parameters ri1, riz, 22, e1, e2, We 
can also arbitrarily assume the values of three of the five elements 
Ry, Re, R3, £1, Ez. The inconsistent combination (714,712,e1) corre- 
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Fig. 8-4. The derivation of gen- 
eral biasing networks for three- 
terminal resistors. 


sponds to (Ri,R3,£1) and must be avoided. Similarly, the incon- 
sistent combination (722,/12,€2) corresponds to (Re,R3,E2) and must 
be avoided. Any other combination is acceptable. For example, if 
we assume arbitrary values for the combination (R1,£1,E2), we can 
compute the remaining two parameters Re and R3 as follows: 
Substituting Eq. (8-11) into Eqs. (8-7) and (8-8), we obtain 


Vig = —(Ri + Ra)lig — Ralog + F1 (8-13) 
Vog = —Ralig — (Re + Ra)log + Es (8-14) 


Solving for the unknowns R3 and Re, we obtain 


Ey re Vi =F Ril; 
(ie ee aN ee) 8-15) 
‘ (begs aE ( 
Ro x Fe 20 = Ralltg + Leo) (8-16) 


Tog 
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1 The reader is encouraged 
to derive the entries in this 
table directly from the net- 
work shown in Fig. 8-4c in 
a manner similar to the 
derivation of Eqs. (8-17) 
and (8-18). The ability to 
do this quickly will make 
it unnecessary to depend 
on the table. 
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Observe that we could also obtain these two relations directly 
from the network of Fig. 8-4c. For example, the voltage across R3 
is obtained by applying KVL to obtain 


U3 = Ey == Vig Rilig (8-17) 


Similarly, the current through R3 is obtained by applying the 
generalized KCL to obtain 


—— (lig + I29) (8-18) 


The value of R3 is, therefore, obtained by dividing Eq. (8-17) by 
Eq. (8-18). The value for R2 can be similarly obtained. 

If we assume another combination of three unknowns, we 
can determine the remaining two unknowns by either of these two 
methods. For future reference, the relationships corresponding to 
the 10 possible combinations are tabulated in column 1 of 
Table 8-1.1 

Although the biasing network of Fig. 8-4c is completely 
general, it has the disadvantage that two voltage sources are gen- 
erally required. We shall now show that by applying the principle 
of equivalent networks, it is possible to trade one of the two volt- 
age sources for a linear resistor. To do this, let us replace the 
series combination of R, and F; of Fig. 8-4c by the equivalent net- 
work shown in Fig. 8-4d. This can be redrawn into the form 
shown in Fig. 8-4e. Now observe that the voltage between terminals 
x-y 1s zero, and hence we can short-circuit terminals x-y, thus 
combining the two identical voltage sources into one as shown in 
Fig. 8-4f. We have shown that this network is equivalent to 
the network of Fig. 8-4c and we shall, for convenience, rename the 
resistance [E2/(E2 — E1)|Ri by Ri, the resistance (E2/E1)Ri by 
Ra, and the voltage source FE» by E. It is clear that we can assume 
arbitrary values for three of the five elements Ri, Ro, R3, R4, and 
E and solve for the remaining two unknowns. The relations corre- 
sponding to the 10 possible combinations are tabulated in column 
2 of Table 8-1. 

Another common equivalent circuit of Fig. 8-4c is shown in 
column 3 of Table 8-1. Again, we can assume arbitrary values for 
three of the five elements and compute the remaining two elements. 
The relations corresponding to the 10 possible combinations are 
tabulated in column 3 of Table 8-1. This table is extremely useful 
because it is applicable to any three-terminal resistor. Let us illus- 
trate the use of this table by some numerical examples. 
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EXAMPLES 


LE 


Suppose we want to bias the unijunction transistor curves in 
Fig. 8-3 at the operating point Q with coordinates I, = 6 ma, 
Vig = 3 volts, I29 = 6.5 ma, and Veg = 15 volts. 

Suppose we choose the biasing network corresponding to 
column | of Table 8-1 and arbitrarily choose E, = 9 volts, 
FE, = 28 volts, and R3 = 0 Q. This combination corresponds to 
row 2 of column 1. Therefore, we can immediately determine 
R, and Roz as follows: 

9 — 3 — 0(12.5)1073) | 


Riper Ue Ae 2) — 
1 6(10-3) 1kQ 
28 — 15 — 0(12.5)(10-3) 

ee 
: 6.5(10-3) oe 


The resulting biasing network is shown in Fig. 8-5a. 


. Let Ig = 0.45 ma, Vggz = 0.25 volt, Ig = 25 ma, and Voz = 6.25 


volts be the coordinates of a point Q on the common-emitter 
characteristic curves of an n-p-n transistor. To bias the transis- 
tor at Q, let us arbitrarily choose the biasing network shown in 
column 2 of Table 8-1. Suppose that only a 15-volt battery is 
available, and that from other practical considerations it is re- 
quired that Re = 100 Q and Ry = 10k. This combination cor- 
responds to row 6 of column 2. Therefore, we immediately 
obtain 


104[15 — (6.25 — 0.25) — (100)(25)(10-3)] 


et @ 152025 + (100)(25)(10-3) — (104)(0.45)(10-3) — oe 
Ro = 25=(100)(25)(10"8) 6.25 — n46 9 


(0.45 +25)(10-?) 
The resulting biasing network is shown in Fig. 8-5b. 


. Instead of an n-p-n transistor, let us choose a p-n-p transistor 


whose operating point differs from the above example by only 
a negative sign; namely, Jg = —0.45 ma, Ver = —().25 -volt, 
Ig = —25 ma, and Veg = —6.25 volts. In view of the com- 
plementary-network theorem, we immediately obtain the bias- 
ing circuit shown in Fig. 8-5c. 


In theory, the three biasing networks given in Table 8-1 are 


completely equivalent to each other. That is to say, it is possible 


to 


choose appropriate values for the elements in each circuit such 
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Fig. 8-5. The complete biasing 
circuits for a typical unijunc- 
tion, n-p-n transistor, and p-n-p 
transistor. 
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that, externally, we could not tell the difference. Why, then, do we 
need three circuits? There are many practical constraints which 
make this necessary. For example, sometimes it may be necessary 
to use only one battery, in which case the circuit shown in column 
2 or column 3 may be chosen. The choice of the circuit in column 
2 or column 3 may further depend on other practical considera- 
tions. For example, one circuit might require a higher-voltage 
battery than the other, or another circuit might be draining more 
power from the battery than the other. Moreover, the formulas 
given in Table 8-1 guarantee only a solution, but not the most prac- 
tical solution. Indeed, it is possible to end with negative resistances 
in some cases! Whenever such impractical values are obtained it 
is obviously desirable to either pick a different configuration 
or change some of the prescribed parameters. 


8-2-3. SENSITIVITY CONSIDERATION 
IN THREE-TERMINAL BIASING CIRCUITS 


We have shown that a three-terminal biasing network generally 
needs five elements, the values of three of which can be arbitrarily 
chosen (except the two inconsistent combinations). In practice, we 
may take advantage of these extra degrees of freedom to optimize 
the network with respect to some engineering criterion. 

One of the most important criterions is to minimize the sen- 
sitivity of the operating point with respect to variations in tempera- 
ture. We have already been introduced to the thermal-runaway 
phenomenon. This phenomenon is more troublesome in three- 
terminal nonlinear resistors and must always be avoided. In order 
to study this phenomenon, let us rewrite Eqs. (8-5) and (8-6) 
of the biasing network in terms of the terminal variables of 
the three-terminal resistor 


Vy = —riihh — mele + e1 (8-19) 
Vo = —Pryoly — roole + ee (8-20) 


Remember that for each biasing network, the parameters r44, rio, 
rg2, €1, and eg are fixed numbers. We can represent Eq. (8-19) as a 
family of parallel load lines in the V;-J, plane as shown in 
Fig. 8-6a, where J2 is chosen as the parameter. Similarly, we can 
represent Eq. (8-20) as a family of parallel load lines in the V2-I, 
plane as shown in Fig. 8-65, where J; is chosen as the parameter. 
Observe that when rj. = 0, the two families of load lines reduce 
to the two load lines corresponding to Jz = 0 in Fig. 8-6a and 
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Wan h-nglte Vz = T1211 —TMp Ip +2 
(assuming r,, >0) (assuming r,, >0) 
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2 , 5 at ‘ Fig. 8-6. A graphical illustra- 
I, = 0 in Fig. 8-6). From Eq. (8-12) we observe that rig = Oim- tion of the two interacting 


plies R3 = 0 in the biasing network of Fig. 8-4b. mechanisms responsible for 
Let us now consider how thermal runaway can occur when _ the thermal-runaway phenom- 
r12 = 0. Consider, for example, the two families of negative- SR Seer Si ae 
temperature-coefficient characteristic curves shown in Figs. 8-6c 
and 8-6d. The solid curves represent the characteristics at tempera- 
ture T,, while the dotted curves represent the characteristics at 
temperature 72, where T2 > 71. 
Consider first the load lines L; in Fig. 8-6c and Lz in Fig. 8-6d. 
At T= 7, the operating point will be at Q in Fig. 8-6c, where 
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Ip = ky. Similarly, the operating point will be at Q in Fig. 8-6d, 
where J; = /,. When the temperature increases to T2, the curves 
corresponding to Iz = k, and J; = J; shift upward as shown by 
the dotted curves. This will result in a relocation of the operating 
point. Let us suppose that the new operating point Q” in Fig. 8-6c 
is at the intersection between the load line L; and the new dotted 
curve Iz = kg (at T2). Similarly, let us suppose the new operating 
point Q’ in Fig. 8-6d is at the intersection between the load line Lz 
and the new dotted curve J, = /2 (at T2). At this point, two inter- 
acting phenomena may occur simultaneously. 

First, if Q’ lies above the constant-power hyperbola through 
Q in Fig. 8-6c and 8-6d, then the power dissipation at temperature 
T> will be greater than the dissipation at 7;. This may induce a 
self-heating effect and further raise the temperature, thus moving 
the operating point even further up the load line. This will further 
increase the heating effect, and the result is a cumulative rise in 
temperature. When the operating point moves beyond the maxi- 
mum_-power hyperbola, the device will be destroyed. (The above 
mechanism is similar to that encountered earlier in the biasing of 
two-terminal resistors.) 

In addition to the cumulative-heating mechanism, there is a 
second mechanism which hastens the thermal-runaway phenom- 
enon. To see this, let us examine the operating points Q and Q’ 
again. Observe that the value of the parameter J2 (Fig. 8-6c) at Q’ 
is not the same as the value at Q. In particular, we found 
I(T = T2) > Io(T = T;). Similarly, the value of the parameter J; 
(Fig. 8-6d) at Q’ is not the same as the value at Q. In particular, 
I(T = Tz) > 4(T = T;). The effect of an increasé in the yalue 
of the parameters Jz and J; is that the new operating point 
will move up higher than if the parameters remain constant. This 
introduces a push-pull effect which hastens the thermal-runaway 
phenomenon. 

Of course, the above two mechanisms are not really separable 
because they occur simultaneously. However, we can avoid ther- 
mal runaway by treating these two mechanisms separately. 

Since the first thermal-runaway mechanism in the three- 
terminal biasing circuits is identical with that in the two-terminal 
biasing circuits, we can generalize the earlier criterion as follows: 


FIRST THERMAL-RUNAWAY CRITERION FOR THREE-TERMINAL RESISTORS 


Let U19,V19,l29,V29) be the prescribed operating point of a three- 
terminal nonlinear resistor. In order to prevent the cumulative- 
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heating mechanism from occurring in a biasing circuit where 
ry2 = 0, it is sufficient that 


V. 
n> = (8-21) 
Q 
r. 
r22 > fe (8-22) 


if the resistor has a negative temperature coefficient. Conversely, if 
the resistor has a positive temperature coefficient, reverse the in- 
equality signs in Eqs. (8-21) and (8-22). 


Observe that the above criterion is stated for the case ry2 = 0. 
If ri2 #0, the voltage intercepts of the load lines L; and Lz will 
depend on the value of the parameters J; and J; as shown in 
Fig. 8-6a and b. However, since the slope of these load lines re- 
mains the same, the criterion will still be valuable in determining 
the appropriate conditions. 

In order to prevent or minimize the second thermal-runaway 
mechanism, it is necessary to move the load lines in a direction to 
minimize the change in the values of J; and Jz. For example, in 
the characteristic curves shown in Fig. 8-6c it is desirable that as 
the value of the parameter J, increases, the load line L; moves to 
the left. This will result in a smaller increase in J;. Similarly, 
in the characteristic curves shown in Fig. 8-6d it is desirable that 
as the value of the parameter J; increases, the load line Lz moves 
to the left. This will result in a smaller increase in J. From Fig. 
8-6a and b we observe that in order to move L; to the left, 
it is necessary and sufficient that ri2 > 0. Similarly, in order to 
move Lz to the left, it is necessary and sufficient that rj2 > 0. In 
either case, we conclude that rj2 0. This observation is im- 
portant enough to be stated as a theorem:? 


SECOND THERMAL-RUNAWAY CRITERION FOR THREE-TERMINAL RESISTORS 


In order to minimize the effect of the second thermal-runaway 
mechanism, it is necessary that r12 ~ 0. In particular, if x; is the 
parameter of the characteristic curve in the V;-J; plane, and x2 is 
the parameter of the characteristic curve in the V2-J2 plane, then 
r12 must be chosen such that 


1. The load line L; will move in such a direction as to minimize 
the change in the value of x2 in the V;-J; plane. 
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1JTn the early days of tran- 
sistors the biasing network 
shown in Fig. 8-45 with 
R3 =fr1i2 = 0 was often 
chosen because this circuit 
had been used successfully 
for biasing vacuum tubes. 
It took a while, after burn- 
ing out many transistors, 
for engineers to realize that 
a transistor has a different 
temperature characteristic, 
and that the resistor R3 
should always be inserted 
to prevent a thermal runa- 
way. 
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2. The load line Lz will move in such a direction as to minimize 
the change in the value of x; in the V2-I2 plane. 


The first and second thermal-runaway criteria for three- 
terminal resistors are valuable in the design of practical biasing 
circuits. For example, if we want to bias a temperature-sensitive 
nonlinear resistor such as a transistor by the biasing circuit shown 
in column | of Table 8-1, it is important that we do not make 
R; = 0. This is so because R3 = ry2 for this circuit. Given a 
specific three-terminal resistor, it is possible to derive a number of 
shortcuts and rules of thumb. However, since no new concept is 
involved, we shall leave the details of this to a more design- 
oriented course. 


Exercise 1: When the solar cell is used as a power source, the external biasing 
network is usually just a load resistor. Since the power available is very small, it 
is important that we bias the solar cell at an optimal point Q in order to obtain 
maximum power dissipation in the load resistor. (a) Find a systematic graphical 
procedure for locating the optimum point corresponding to each level of light il- 
lumination. (6) Specify the DP plot of the passive load resistor so that maximum 
power dissipation is attained for all levels of light illumination for the solar cell 
type 1NXX11. 


Exercise 2: Discuss the thermal-runaway phenomenon in a positive temperature 
coefficient two-terminal resistor. 


Exercise 3: Derive the biasing equations listed in column 1 of Table 8-1 directly 
from the circuit by writing KVL and KCL equations. 


Exercise 4: Repeat Exercise 3 for column 2 of Table 8-1. 
Exercise 5: Repeat Exercise 3 for column 3 of Table 8-1. 


Exercise 6: Find an example of a biasing network for which one or more resistors 
as determined from Table 8-1 may come out negative. 


Exercise 7: Discuss the two mechanisms leading to thermal-runaway phenomena 
in a positive temperature coefficient three-terminal resistor. 


8-3 SYNTHESIS OF DP PLOTS 


There are many occasions when it is necessary to synthesize a net- 
work having a prescribed DP plot. We have already seen many ex- 
amples which demonstrate the usefulness of DP plots not only as 
a powerful analytical technique, but also as a basic approach to 
synthesis. In fact, much of the material in the remaining chapters 
of this book will depend heavily upon our ability to synthesize a 
network with a prescribed DP plot. It is important from a prac- 
tical point of view that the “ingredients” or “building blocks” be 
commercially available or that they can be readily assembled 
using only commercially available components. We shall find 
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TABLE 8-2 Basic building blocks for synthesis. 


PASSIVE COMPONENTS 


i U i i i z 
+ + 
R 
O 5 F v E Eo 


(a) Positive resistor (6) Junction diode (c) Zener diode 


+ 


= 


hi i 
G mhos 
RQ (R, I) 
E VU 
(e) Concave resistor (f) Convex resistor 


ACTIVE COMPONENTS 


aE ats a 
UO) E 7) I v =R 
(a) Independent voltage source (6) Independent current source (c) Negative resistor 
(d) Operational (e) Controlled (f) Scalor (g) Rotator (h) Reflector 


amplifier source 


1 Recall that a two-terminal 


F . : +14: : resistor is passive if, and 
it convenient to classify the building blocks into two groups, Shee Hees edave les 


namely, passive building blocks and active building blocks.1 A list of only in the first and the 
passive components that we shall use in this chapter is shown in third quadrants. Other- 
the upper half of Table 8-2 with their somewhat idealized v-i —_ W'S® IIS active. 

curves.2 The first four resistors, positive resistor, junction diode, * eee eg ae An 
zener diode, and constant-current diode, are commercially avail- wean istliitas form. The 
able components. By combining these basic components as shown _ discrepancy arising from 


: : in the concave resistor this approximation can be 
in (e) and (f) of this table, we obtain the Gatily calant care Jor aller 


the synthesis is done. 
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1To avoid the clumsy nota- 
tion 1/R, we shall let the 
parameter associated with 
each segment of a piece- 
wise-linear v-i curve denote 
either the slope G (con- 
ductance in mhos) or the 
reciprocal slope R (resist- 
ance in ohms) of the seg- 
ment. We shall resolve any 
possible ambiguity by 
using the symbols G; and 
g; for conductances and 
the symbols R; and 7; for 
resistances. When specific 
numbers are involved, the 
units in mhos or ohms will 
be attached. 


The same principle can be 
extended to the synthesis 
of multivalued DP plots; 
however, we shall not dis- 
cuss this more esoteric 
case in this book. 
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and convex resistor defined earlier in Figs. 6-20 and 6-21. Since these 
two elements will be used most often, we shall denote them by the 
symbols shown on the right of the respective v-i curves. Notice that 
only two parameters are needed to completely specify these resis- 
tors, namely, the slope G and the voltage intercept E for the con- 
cave resistor and the reciprocal of the slope R and the current 
intercept J for the convex resistor.1 Hence, it is unnecessary 
to draw the v-i curves of these elements. Notice that the junction 
diode (approximated by an ideal diode) can be considered as 
a special case of a concave resistor with (G,E) = (00,0). 

A list of active components is shown in the lower part of 
Table 8-2. The independent voltage source, independent current 
source, and the negative resistor are two-terminal active elements, 
whereas the operational amplifier, the controlled source (four 
possible types), the scalor, the rotator, and the reflector are four- 
terminal or two-port active elements. Among these components, 
the independent sources and the operational amplifiers are com- 
mercially available. The rest of the components may be easily 
synthesized in terms of appropriate transistor circuits and opera- 
tional amplifiers (see Sec. 3-7). 

From the practical point of view, passive components are 
preferred over active components not only because they are 
cheaper, but also because all active components require an exter- 
nal power supply, a nuisance, to say the least. Moreover, active 
components are usually more sensitive to element parameter 
variations. They also often lead to instability problems. These dis- 
advantages do not, however, imply that these elements are not 
practical. On the contrary, most of the important practical circuits 
are active circuits, and, therefore, require the use of active ele- 
ments. As a matter of fact, the advent of integrated circuits is 
quickly changing the designer’s attitude because from the user’s 
point of view, a seemingly complicated circuit can be integrated 
so that it is no larger than a passive component. We shall now dis- 
cuss how the building blocks in Table 8-2 can be systematically 
combined into a network with a prescribed DP plot. We shall start 
with the simplest monotonic DP plot and then go to current- 
controlled and voltage-controlled DP plots.2 


8-3-1 SYNTHESIS OF MONOTONIC DP PLOTS 


A DP plot I is said to be monotonic if the slope at each point on 
lis nonnegative. A monotonic DP plot is said to be concave (con- 
vex) if the slope is a monotonically increasing (decreasing) func- 
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tion of the terminal voltage. Any monotonic DP plot may be broken 
up into a combination of concave and convex curves. This suggests 
that we should be able to synthesize any monotonic DP plot with 
concave resistors, convex resistors, and batteries. 

Consider first the concave DP plot shown in Fig. 8-7a. This 
can be realized by two concave resistors in parallel as shown in 
Fig. 8-7b. It is clear from the parallel-combination technique that 
the second concave resistor does not come into play until v > vp. 
This means that if we connect a third concave resistor with E = 
v3 > ve, then the DP plot will remain the same as in Fig. 8-7a 
until v > v3. In other words, each additional concave resistor in- 
troduces a new breakpoint and changes the slope of only the last 
segment beyond this breakpoint. It is a simple matter, therefore, 
to synthesize a concave DP plot with any number of segments in 
the first quadrant. Since any DP plot in the third quadrant can be ob- 
tained by rotating its complementary DP plot in the first quadrant 
by 180° with respect to the origin (Fig. 8-7c), it can be realized by 
the complementary network in accordance with the complemen- 
tary-network theorem; namely, simply transpose the terminals of 
the concave resistors in Fig. 8-7b as shown in Fig. 8-7d. 

By a dual argument, the convex DP plot in Fig. 8-7e can be 
realized by two convex resistors in series as shown in Fig. 8-7f. 
Again, notice that each time a new convex resistor with I = i3 > ip 
is added in series, a new breakpoint is introduced and only the 
slope of the last segment of the original DP plot is altered. The 
complementary DP plot in Fig. 8-7g can be realized by the com- 
plementary network shown in Fig. 8-7h. 

Consider next the DP plot shown in Fig. 8-77. Notice that it 
is made up of a concave curve (segments 1, 2, 3) and a convex 
curve (segments 4, 5).! As usual, the first three segments can 
be realized by the two concave resistors shown in Fig. 8-77. The 
remaining two segments are realized by the two convex resistors 
in the same figure. The parameters (G;,E;) of each concave resistor 
and (R;,J;) of each convex resistor are easily determined from the 
corresponding two adjacent segments. The basic procedure for 
realizing an arbitrary DP plot in the first quadrant should now be 
obvious. Starting from the leftmost segment, the DP plot is 
realized one segment at a time. Each new concave (convex) segment 
is realized by connecting a concave (convex) resistor in parallel 
(series) with the previously synthesized network. Observe that 
while the DP plot is being built up from left to right, the network 
is being built up from right to left. We shall refer to this procedure 
as the segment-by-segment method. It is important to observe that 
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1To be systematic, we shall 
always label the segments 
from the left to the right. 
Moreover, the voltage and 
current at the left break- 
point of segment / will be 
denoted by v; and j;. Simi- 
larly, the conductance and 
resistance of segment 
will be denoted by g; and 
rj, respectively, where g; = 
1/7;. 
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the key concept which makes this method so easy to apply is that 
each time a concave, or a convex, resistor is added the previously 
synthesized DP plot remains unchanged. Only the last segment is 
decomposed into two segments. Observe also that the segment-by- 
segment method requires as many concave and convex resistors as 
there are breakpoints. 

So far, we have restricted our DP plot to the first quadrant (or 
the third quadrant).! Consider now an arbitrary monotonic DP 
plot. Our first step will be to apply the nonlinear Thévenin’s theorem 
and obtain a new DP plot which passes through the origin. This is 
achieved simply by connecting a battery in series with the network 
(to be synthesized) having the new DP plot. Since the original DP 
plot is monotonic, it is clear that the new DP plot can lie only in 
the first and the third quadrants. Since the above preliminary step 
is rather trivial to do, there is no loss of generality in our restrict- 
ing the following discussions only to passive monotonic DP plots. 
The segment-by-segment method for realizing this type of DP 
plot is best explained with the help of a numerical example. 


EXAMPLE 


Consider the passive monotonic DP plot shown in Fig. 8-8a. As 
usual, we label the segments from | to 8. The pertinent information 
describing each segment is tabulated in Fig. 8-85. Again, the 
voltages e; and i; pertain to the left breakpoint of segment j. To 
synthesize this DP plot, the simplest procedure is to start with the 
segment through the origin, segment 5 in this case. The segments 
in the first quadrants are then synthesized one at a time. After this 
is done, we repeat the procedure to synthesize the segments in the 
third quadrant.” 

Starting with segment 5, we obtain the resistor Rs = 2 ki. 
Since segments 6 and 7 form parts of the concave curve, they can 
be realized by two concave resistors in parallel as shown in Fig. 
8-8c. The parameters Ge and E¢ are simply obtained from Gg = 
£6 — 5 = 1.5 mmho and Eg = ve = 10 volts. Similarly, G7 = g7 — 
g6 = oc and £7 = v7 = 12.5 volts. To obtain segment 8, we connect 
a convex resistor with Rg = rg — ’7 = 4 kQ and Jg = ig = 15 ma. 
The network to the right of terminals a-b, therefore, realizes the DP 
plot in the first quadrant. 

To synthesize the DP plot in the third quadrant, we first con- 
nect a convex resistor in series with the preceding network and 
obtain segment 4. The parameters of this resistor are given by 
Rg = 4 — rs = © and [4 = —is = 2.5 ma.f The next two seg- 
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1 Except portions of the DP 
plot which lie on the axis 
or the v axis. 


2 Alternately, we can syn- 
thesize the DP plot in the 
third quadrant before 
going to the first quadrant. 
In fact, we may even jump 
back and forth, provided 
the order taken in each 
quadrant is consecutive. 


+ The negative sign is needed 
to compute for the voltage 
and current parameters of 
all segments in the third 
quadrant because we are 
using the complements of 
the concave and the con- 
vex resistors, with the ter- 
minals transposed. 
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Segment 
number 


(6) 


\/ (GE) \S(G,, Bg) 


R, =2 kQ (G,, E,): Gr=l5 mmbhos, EE=10 volts 
(G,E,): Gas, E,=125 volts (R,, I,): R,=4 kQ, I, = 15 ma 

(R,, Dy: R= co, L, =2.5 ma (G,, E,): G, = 1 mmhos, E, = 10 volts 
(G,, E,): G, = 2 mmhos, i, = 15 volts (R,, 2): R, =5/3 kQ, J, = 15 ma 


Fig. 8-8. A numerical example 
illustrating the general proce- 
dure for synthesizing any 
monotonic DP plot. 


(c) 


ments (3 and 2) are part of a complementary concave segment and 
hence can be realized by the two concave resistors shown in Fig. 
8-8c. The parameters of these resistors are given, respectively, by 
G3 = g3 — gg = 1.0 mmho and £3 = —v4 = 10 volts, and by 
Ge = g2 — g3 = 2.0 mmho and FE, = —v3 = 15 volts. Finally, to 
realize the last convex segment (segment 1), we connect a convex 
resistor with Ry = 71 — re = 4 kQ and = —iz = 15 ma. 


The above method is clearly applicable for realizing any pas- 
sive monotonic DP plot. We shall now describe another method 
which is sometimes more convenient. 
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The decomposition method is based on the concept of splitting 
a DP plot into two simpler components. Each component DP plot 
can be further decomposed into even simpler components which 
are more amenable to synthesis. For example, if the DP plot con- 
tains a portion which is identical with the v-i curve of an existing 
device, such as a varistor, then it is more practical to decompose 
the DP plot into two component DP plots, one coinciding with the 
device’s v-i curve. 

Another technique for decomposition is motivated by the 
simplicity in synthesizing DP plots which lie only in the first 
quadrant. The technique consists of splitting the DP plot along the 
i axis or along the v axis. Accordingly, we have the series-decom- 
position technique and the parallel-decomposition technique. 

To illustrate the series-decomposition technique, let us con- 
sider the same DP plot I in Fig. 8-8a and split it along the i axis, 
thereby obtaining two component plots ['; and 2. This first plot 
I’, coincides with the DP plot I in the first quadrant, but with the 
negative 7 axis included as part of I';, as shown by the v,-i, curve 
in Fig. 8-9a. The second plot I, is obtained by rotating that part 
of the DP plot T in the third quadrant by 180° with respect 
to the origin, and then adding the negative / axis as part of 2, as 
shown by the v;-i, curve in Fig. 8-9b. Observe now that if we con- 
nect the networks N, and N, back to back in series as shown 
in Fig. 8-9c, the resulting DP plot will be exactly I’. Since both Ty 
and I are now restricted to the first quadrants, they can be easily 
realized by the methods described earlier. Moreover, since only the 
first quadrant is of interest here, the junction diode normally 
present inside the concave and convex resistors can be eliminated. 
The portion of the vg-i, and v,-ip curves coinciding with the nega- 
tive-current axis can be approximately realized by a single junction 
diode across the input terminals. For example, the two circuits 
shown in Fig. 8-9d and e are two simple realizations for I’; and 
T2, respectively. 

The parallel-decomposition technique is the dual of the tech- 
nique described above. This time, the DP plot is split along the 
voltage axis to obtain the v,-i, and v,-ip curves shown in Fig. 8-9f 
and g. Again, these DP plots are in the first quadrants and can be 
easily realized. The final DP plot is obtained by connecting the 
two networks N, and N; in the back-to-front parallel configuration 
shown in Fig. 8-9/. 

One practical disadvantage of the segment-by-segment method 
is that the breakdown voltage E (current J) of each additional 
zener (constant-current) diode must be greater than that of the 
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(d) (e) 


0 5 10 15 20 yg, volts 20 vy, volts 


(f) (8) (h) 


Fig. 8-9. Any passive mono- 


tonic DP plot can be realized preceding diode. Since higher-voltage (current) zener (constant- 
by either the series-decomposi- 


tion technique or the shunt. Current) diodes are more expensive,1 we shall conclude this section 
decomposition technique. by presenting two nonlinear ladder networks which do not have 
this problem. It can be easily verified that the concave DP plot 

‘This is Pecause higher- shown in Fig. 8-10a can always be realized by the zener-diode 
eae ee eee ladder network shown in Fig. 8-10b. Notice that the breakdown 
are usually realized in voltage of each zener diode depends only on the voltage between 
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two adjacent breakpoints and not on the absolute voltage of each 
breakpoint as in the segment-by-segment method. By duality 
arguments, the convex v-i curve shown in Fig. 8-10c can be 
realized by the constant-current diode ladder network shown in 
Fig. 8-10d.1 


Exercise 1: Explain why we choose the conductance (resistance) parameters g; 
and G; (r; and R;) when dealing with concave (convex) DP plots and resistors. 


Exercise 2: Verify the following observations concerning the network shown in 
Fig. 8-8c. (a) The two-port subnetwork on each side of terminals a-b (excluding 
Rs) can be interchanged. (b) The junction diode associated with the concave and 
convex resistors to the right of terminals a-b can be replaced by a single diode 
inserted (in series) through terminal a. 


Exercise 3: Show that the segments of the DP plot of Fig. 8-8a can be realized in 
the following orders: (a) segments 5, 4, 6, 3, 7, 2, 8, 1; (b) segments 5, 6, 7, 4, 
3, 2, 8, 1; (c) segments 5, 6, 4, 3, 2, 7, 1, 8. Find a network realization for each 
case. 


Exercise 4: Find a network realization for NV, and N, of Fig. 8-9h. 


a U2 eee eae 
(d) 


Fig. 8-10. Two practical non- 
linear ladder networks for real- 
izing an arbitrary concave or 
convex DP plot in the first 
quadrant. 


practice by connecting 
several lower-voltage (cur- 
rent) zener (constant-cur- 
rent) diodes in series 
(parallel). 


1 The v-i curves of the zener 
diodes, constant-current 
diodes, and junction diodes 
in Fig. 8-10 are assumed 
to be as given in Table 8-2. 
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1This corresponds to that 

negative-resistance seg- 
ment which most closely 
approaches a_ horizontal 
line. 


2 Recall that a negative re- 
sistance can be realized in 
practice by connecting a 
positive resistance across 
one port of a negative-im- 
pedance converter (see 
Sec. 3-7). 
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Exercise 5: Derive the equations specifying G;, E; for the zener-diode ladder net- 
work and R;, J; for the constant-current diode ladder network in Fig. 8-10. 


8-3-2 SYNTHESIS OF NONMONOTONIC DP PLOTS 


We have shown that any monotonic DP plot can be realized by 
using only passive components (top portion of Table 8-2) and at 
most one independent source such as a battery. To realize a non- 
monotonic DP plot, however, active components are generally 
needed. 

Consider first the current-controlled DP plot shown in Fig. 
8-lla. Notice that if we connect a large-enough positive resistance 
(Fig. 8-115) in series with a network N having this DP plot, we 
would obtain the monotonic DP plot shown in Fig. 8-llc. If a 
current-controlled DP plot contains m negative-resistance segments, 
and if the most negative segment! has a resistance — Rmax, then by 
choosing a positive resistance R > Rmax in series with N, a mono- 
tonic DP can always be obtained. Suppose now we connect a 
positive resistance R and a negative resistance — R in series with 
the network N as shown in Fig. 8-11d. Obviously, the DP plot of 
this network is identical with that of N (Fig. 8-1la). Notice, how- 
ever, that the positive resistor R and the network N can be replaced 
by an equivalent network N’ whose DP plot is monotonic. This 
DP plot can be realized by the techniques presented in the pre- 
ceding section, and hence the DP plot shown in Fig. 8-1la can be 
realized by the network shown in Fig. 8-11f. 

The dual technique can be applied to synthesize any voltage- 
controlled DP plot. This time, the two resistors must be connected 
in parallel, and the magnitude of the conductance must be chosen 
greater than the conductance of the most negative segment. Hence, 
the above discussions can be summarized by the following: Any 
current-controlled or voltage-controlled DP plot can be realized 
by exactly one negative resistance and a network with a monotonic 
DP plot.? 

It must be emphasized, however, that in synthesizing non- 
monotonic plots, unlike monotonic plots, which are always stable 
and easy to synthesize, the presence of the negative resistance may 
often lead to unwanted oscillations. The reason for the oscillation 
will be given in Chap. 14. Another problem associated with the 
above realization techniques is that the DP plot is extremely sen- 
sitive to changes in the value of the negative resistance. We shall 
now discuss another method which is usually more stable from a 
practical point of view. We shall present the method for a voltage- 
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(d) (e) 


controlled DP plot, leaving the dual for the problems. The founda- 
tion of this method is based on the following two theorems. 


SCALOR-ROTATOR REALIZATION THEOREM 


Any passive voltage-controlled DP plot with finite slopes can be 
realized by a cascade connection of a scalor, a rotator, and a net- 
work with a monotonic DP plot. 


In order to prove this theorem, let us represent the voltage- 
controlled DP plot by i = f(v) and let its slope be given by 
Gv) = df(v)/d. If a resistor with this DP plot is connected across 
port 2 of the rotator as in Fig. 3-27 in Chap. 3, we can derive the 
slope di;/dv; of the new DP plot seen across port | of the rotator 
by first substituting ve = v and iz = —i = —f(v) into Eqs. (3-88) 
and (3-89);1 thus 


v1 = (cos Ov — (sin 8) f(v) (8-23) 
i, = (sin #)v + (cos 8) f(v) (8-24) 


R,=7500 
I, =2ma 


R,=1,5002 
Ie =—2ma 


Fig. 8-11. An illustration show- 
ing that any current-controlled 
DP plot can be realized by con- 
necting a negative resistor in 
series with a network charac- 
terized by a monotonic DP plot. 


1 For simplicity, we assume 
that the scale factor R = 1. 
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Differentiating these equations with respect to v, we obtain 


Or os 6 — Gin AGO) (8-25) 

dv 

a = sin 6 + (cos #)G(v) (8-26) 
U 


Dividing Eq. (8-26) by Eq. (8-25) and simplifying, we obtain the 
desired slope 


dix tan 9 + G(v) 


aa es 8-2 
dv, 1 — (tan #)G(v) Cp) 
In order for the rotated v;-i; curve to be monotonic, we require 
that di;/dv; > 0. It is easy to see from Eq. (8-27) that this condition 
implies 


—tan 0 < G(v) < cot @ (8-28) 


If we let Gmin and Gmax be the minimum and maximum values of 
G(v), respectively, then Eq. (8-28) implies that the range of the 
angle of rotation @ must be restricted by 


tan™1 (—Gmin) < 8 < cot™ (Gmax) (8-29) 


Depending on the given function f(v), we may or may not be 
able to find a range of values for @ which satisfies Eq. (8-29). How- 
ever, if we connect a current scalor with a scaling constant k; 
in cascade with the rotator, then the slope of the original v-i curve 
should be divided by k;. In this case, Eq. (8-29) becomes 


— Gni G. 
= min —1 Vmax hs 
tan a" op <o0— Cot ae (8-30) 


It is now easy to see that if the value of k; is chosen such that 
| Grain Gnas (8-3 1) 


then since the slope of the DP plot is finite by hypothesis, the 
quantity under the radical sign is a finite number; therefore, 


k; ~ oo, and there is always a range of values for 0 which satisfies 
Eq. (8-30). 
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Network with 
monotonic 


Network with 
monotonic 
DP plot 


Scalor Reflector 
(6) 


What we have shown, therefore, is that any voltage-controlled 
v-i curve can be transformed into a monotonic v4-i; curve by 
simply choosing the value k; of the current scalor and the angle of 
rotation @ of the rotator in accordance with Eqs. (8-30) and (8-31), 
respectively. If we now reverse the steps in the above proof, we 
shall arrive at the procedure for synthesizing a voltage-controlled 
DP plot by the scalor-rotator network shown in Fig. 8-12a. This 
proves the theorem. Before we consider a numerical example, we 
shall state a somewhat analogous result using a reflector instead 
of a rotator. 


SCALOR-REFLECTOR REALIZATION THEOREM 


Any passive voltage-controlled DP plot with finite slopes can be 
realized by a cascade connection of a scalor, a reflector, and a net- 
work with a monotonic DP plot. 


The proof of this theorem follows arguments similar to those 
given earlier and will, therefore, be left as an exercise. The circuit 
configuration for this case is shown in Fig. 8-120. 

As a numerical example, consider the voltage-controlled v-i 
curve shown in Fig. 8-13a. It is easy to see that the value k; = 6 
satisfies Eq. (8-31), and with this value the angle 6 = 28° is chosen 
[arbitrarily, so long as it satisfies Eq. (8-30)]. Hence, the current 
(ordinate) of the v-i curve in Fig. 8-13a is divided by the number 
k, = 6 as shown by the lower dotted curve. If we rotate this curve 
by 28° counterclockwise, we obtain, indeed, the monotonic DP 
plot shown in Fig. 8-13a. This DP plot is then synthesized by the 
segment-by-segment method. The resulting circuit is shown con- 
nected to the scalor-rotator combination as in Fig. 8-135. In order 
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Fig. 8-12. Two basic circuits 
utilizing a scalor, a rotator, and 
a reflector for realizing arbi- 
trary voltage-controlled DP 
plots. 


12;/- 
Desired v-i curve 
to be synthesized 
10+ 
gL Monotonic v-i curve obtained 
by rotating the scaled v-z 
curve by 28° in a counter- 
clockwise direction 


Scaled uv -z curve (k= 6) 
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B= i, curve ve ty curve 
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Fig. 8-13. A numerical example illustrating the synthesis of a voltage-controlled v-i curve by the scalor-rotator combination. 
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to compare the way the actual curve differs from the prescribed 
curve, the network in Fig. 8-13b was built, and the v4-i1, vo-i2, and 
v-i curves are measured as shown in Fig. 8-13c.1 These scope 
tracings show a remarkable agreement with the curves in Fig. 
8-13a. 


Exercise 1: Show that any voltage-controlled DP plot can be realized by a nega- 
tive resistor and a network with a monotonic DP plot. 


Exercise 2: Derive Eqs. (8-29), (8-30), and (8-31). 


Exercise 3: Prove the scalor-reflector realization theorem and verify that the con- 
stant k; of the scalor and the angle of reflection 6 are also given by Eqs. (8-31) 
and (8-30), respectively. 


Exercise 4: State and prove the dual theorems for realizing a current-controlled 
DP plot by means of scalors, rotators, and reflectors. 


8-4 SYNTHESIS OF TC PLOTS 


We have already seen a number of practical applications (for 
example, Sec. 6-6) which require the synthesis of a network with a 
prescribed TC plot. We shall see more applications in the next two 
chapters. Since there are four different types of TC plots, we shall 
describe at least one method for each. 


Synthesis of i,-vs.-v; TC plot This type of TC plot can be realized 
by the simple series circuit shown in Fig. 8-14a. The DP plot of the 
nonlinear resistor R is identical with the prescribed TC plot but 
with the i, axis replaced by the i axis. This follows from the 
observation that v = v; and i = i,. The problem of realizing a pre- 
scribed ip-vs.-v; TC plot reduces, therefore, to the synthesis of one 
DP plot, a task we already know how to do. 


Synthesis of v,-vs.-i; TC plot This type of TC plot is the dual of 
that presented above. Hence, the dual circuit shown in Fig. 8-145 
constitutes a simple realization. The DP plot of R in this case is 
identical with the prescribed TC plot but with the v, axis replaced 
by the v axis. 


Synthesis of v,-vs.-v; TC plot This type of TC plot can be realized 
by the circuit shown in Fig. 8-14c. The DP plot of the nonlinear 
resistor is identical with the prescribed TC plot but with the v, axis 
replaced by the i axis. Observe that this circuit is obtained by adding 
a current-controlled voltage source to the circuit of Fig. 8-14a. 
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1 Thess songing sine sthese 
tracings is located at the 
bottom left corner. 
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(a) 


(6) 


(c) 


Fig. 8-14. Basic circuit realiza- 
tions for four different types of 
TC plots. 


1Controlled sources are 
presently expensive to 
build and are more sensi- 
tive to parameter varia- 
tions. These disadvantages, 
however, are gradually 
disappearing because of 
the advances in integrated- 
circuit technology. 


2Qne may take advantage 

of this arbitrariness to 
select R, so that it includes 
the internal resistance of 
the “physical” voltage 
SOUICE Uj. 


(d) 


Synthesis of i,-vs.-i; TC plot This type of TC plot is the dual of 
that presented above and can, therefore, be realized by the dual 
circuit shown in Fig. 8-14d. This time, the DP plot of the non- 
linear resistor R is identical with the prescribed TC plot but with 
the i, axis replaced by the v axis. 

While it is true that the last two realization techniques are 
completely general, they are not necessarily the most practical be- 
cause of the need for the controlled sources.1 On many occasions 
it may be desirable to choose a more practical circuit. We shall 
now describe two methods for achieving this. 


8-4-1 TC PLOT SYNTHESIS BY A NONLINEAR 
VOLTAGE- OR CURRENT-DIVIDER NETWORK 


We shall now show that any v,-vs.-v; TC plot can be realized by a 
nonlinear voltage-divider network and any i,-vs.-i; TC plot can be 
realized by a nonlinear current-divider network. Consider first the 
nonlinear voltage-divider network shown in Fig. 8-15a. The resistor 
R; is linear, and its resistance may be arbitrarily chosen.2 Our 
problem is to find the appropriate DP plot for the nonlinear 
resistor Ro in order to realize the prescribed TC plot. This can be 
easily found by applying the template method discussed earlier in 
Sec. 6-5-1. As will be obvious soon, it is more convenient to redraw 


(e) 


Uo, volts Uo, Volts 


Av, volts 
0 | | 
Pa | 
Lo \>o 
~29 | | 4 e 
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40 e 
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—+> vy, volts v, volts 
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Fig. 8-15. Examples showing the graphical procedure for realizing a TC plot by two basic nonlinear voltage-divider netwerks. 
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1 Although we denote Eq. 
(8-33) by a functional nota- 
tion, the method is appli- 
cable even if f(vo) repre- 
sents a multivalued curve. 
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the prescribed TC plot with v; as the vertical axis and v, as the 
horizontal axis. To illustrate the procedure, suppose the TC plot 
shown in Fig. 8-15b is to be synthesized. Suppose further that 
R, = 2 kQ. Our first step is to draw the family of straight lines 
representing the v,-ig curve with v; as the parameter as shown in 
Fig. 8-15c. The slope of these lines is negative because we have de- 
fined the reference direction for ig in such a way that ig =i. 
Notice that the i, axis is aligned with the v; axis of Fig. 8-155 so 
that the abscissa of each point on the TC plot is identical with the 
corresponding point in Fig. 8-15c. Moreover, since the given TC 
plot is piecewise-linear, we need only to drop a vertical guideline 
from each breakpoint until it intersects the line corresponding to 
the same value of v;. Hence, the TC plot in Fig. 8-155 is 
easily “transferred” into the vg-ig plane as shown in Fig. 8-15c. 
Since ig = i and vg = v, this transferred TC plot can be redrawn 
in the v-i plane as shown in Fig. 8-15d. This is the desired DP plot 
for Rz and can be realized by the methods discussed earlier. 

An alternate method for realizing an arbitrary TC plot is the 
voltage-divider network shown in Fig. 8-15e. This time the resistor 
Re is linear and may assume arbitrary values. Our problem is to 
find the appropriate DP plot for R,. As usual, it is more conven- 
ient to plot the TC plot with v; as the vertical axis as in Fig. 8-15. 
If we denote this TC plot by v; = g(vo), then the voltage v across 
R, is given by v = Uj — Vp = B(Uo) — Uo, OF 


v = fo) (8-32) 
where 
f Uo) = go) — Vo (8-33) 


This function represents a curve in the v-vs.-v, plane obtained by 
subtracting the TC plot v; = g(v.) from the line v; = v, as shown 
in Fig. 8-15g.1 The next step is to observe that 

Up = Roi (8-34) 


Substituting Eq. (8-34) for v, in Eq. (8-32), we obtain the desired 
DP plot 


v = f(R2i) (8-35) 


Notice that Eq. (8-35) is obtained simply by dividing the scale of 
the v, axis in Fig. 8-15g by Ro, and then relabeling this axis by i. 
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The last step is to redraw this v-i curve with i as the vertical axis 
in order to conform with our usual practice. Hence, to obtain the 
DP plot of Ri, we first divide the scale of the v, axis in Fig. 8-15g 
by R = 2K and relabel this axis by i in milliamperes. The result- 
ing DP plot for Ry is shown in Fig. 8-15/. 

It can be easily shown that if the slope of the TC plot 
dv,/dv;, < 1 or if dv;/dv, > 1, then the DP plot for the nonlinear 
resistor Rp» in Fig. 8-15a, or the nonlinear resistor Rj, in Fig. 8-15e, 
will always be monotonic. For this class of TC plot, therefore, the 
above voltage-divider method is much more practical. 

An important point that we have tacitly assumed so far 
is that there are no loading effects; that is, i, = 0. In practice, the 
output terminals are invariably connected across an external load 
which may draw some current. In most cases, this external load 
can be represented by an equivalent load resistor Ry. If Ry is non- 
linear, the circuit in Fig. 8-15a is more appropriate because the re- 
sistor Rz can be included as part of Re before the network is 
synthesized. For example, if the DP plot of Re (obtained without 
loading effect) is given by i = g(v), and if the load resistor has a 
vp-i, curve given by i, = A(vz), then since R and Ry, are in parallel, 
we have v = vy. Hence, we may “extract” this vy-i, curve from the 
v-i curve and obtain a new v’-i’ curve given by 7’ = g(v’) — hv) = 
Ff’). In other words, the DP plot of Rz that must be synthesized 
is given by i’ = f(v’) and not 7 = g(v). On the other hand, if Ry is 
linear, then the circuit in Fig. 8-15b may be more convenient to 
use because in this case Ry, can simply be chosen equal to Ro. In 
both cases the loading effect can be easily taken care of, provided 
the load remains unchanged. 

Although our discussions so far have been restricted to the 
synthesis of v,-vs.-v; TC plots by voltage dividers, it is clear that 
the dual procedures can be used to synthesize any i,-vs.-i; TC 
plots by current dividers. We shall leave the details for doing this 
as an exercise. 


8-4-2 TC PLOT SYNTHESIS BY 
OPERATIONAL AMPLIFIER CIRCUITS 


The disadvantage of the voltage- and current-divider methods is 
that whenever the slope of the TC plot dv,/dv; > 1 or di,/di; > 1, 
the DP plot of the nonlinear resistor becomes nonmonotonic. The 
simplicity of these methods is thereby overshadowed by the need 
to synthesize nonmonotonic DP plots. We shall now present 
another method which does not have this disadvantage. 
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Fig. 8-16. Any v,-vs.-viTC plot 
can be realized by an opera- 
tional amplifier circuit using 
one nonlinear resistor. 
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Phase inverter 


Consider first the operational amplifier circuit shown in Fig. 
8-16a. In view of the principle of virtual short circuit (Sec. 3-6-2), 
we obtain i; = i and 


Uo = Ryip = Ryi = Rig) (8-36) 


where g(v) is the v-i curve of the nonlinear resistor R. But 
v = —(—v) = vj, and hence Eq. (8-36) becomes 


Vo = Rygtvi) (8-37) 


This equation shows that any TC plot v, = f(v;) can be realized 
by the circuit in Fig. 8-16a, provided that the DP plot of the non- 
linear resistor R is chosen to be 


i= @ (8-38) 


Observe that if we replace R; in Eq. (8-38) by a constant Ko, then 
this constant can be used to change the scale of the output voltage 
Uo Of the TC plot. Observe also that Eq. (8-38) implies that the DP 
plot of the nonlinear resistor will be monotonic as long as the TC 
plot is monotonic. 
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An alternate realization using an operational amplifier is 
shown in Fig. 8-16b. If we denote the v-i curve of the nonlinear re- 
sistor R by v = h(i), then the relation between v, and p; is easily 
found to be given by 


ae no ) (8-39) 


i 


This equation implies that any TC plot v, = f(v;) can be realized 
by the circuit shown in Fig. 8-16b, provided the DP plot of 
the nonlinear resistor R is chosen to be 


v = f (Ril) (8-40) 


Observe that if we replace R; in Eq. (8-40) by a constant K;, then 
this constant can be used to change the scale of the input voltage 
v; of the TC plot. Again, the DP plot of the nonlinear resistor will 
be monotonic as long as the TC plot is monotonic. 

If the TC plot is nonmonotonic, then all methods presented so 
far will require the synthesis of a nonmonotonic DP plot. Under 
appropriate conditions, however, it is possible to trade one non- 
monotonic resistor with four monotonic ones, as will be demon- 
strated in the following section. 


Exercise 1: Verify the realizations shown in Fig. 8-15d and A by actually 
constructing the TC plots. 


Exercise 2: Show that the DP plot for the nonlinear resistor in each of the volt- 
age-divider networks is monotonic if the slope of the TC plot dv,/dv; < 1 or if the 
reciprocal slope du;/dv, > 1. 


Exercise 3: There are applications wherein not only the TC plot and the load re- 
sistor are specified, but also the DP plot across the voltage-source ter- 
minals. This can be achieved by making both resistors in the voltage-divider net- 
work nonlinear. (a) Describe a general synthesis procedure for achieving this set 
of specifications. (b) Specialize the procedure to the case when the input DP plot 
is a straight line. Such a network is called a constant-resistance network. 


Exercise 4: Describe the general procedure for realizing any i,-vs.-i; TC plot by 
means of a nonlinear current-divider network. Consider two cases, first with Ry 
assumed to be linear, and then with Re assumed to be linear. 


Exercise 5: Compare the advantages and disadvantages of the two circuits 
shown in Fig. 8-16. 


407 


408 


1The nonmonotonic DP 
plot is necessary in the 
method presented earlier 
because these networks 
have common input and 
output terminals. In order 
to obtain a TC plot with 
negative-slope segments 
and using only monotonic 
resistors, the network to- 
pology must have more 
than one path for currents 
to flow to the output ter- 
minals. 
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8-5 SYNTHESIS OF JOINTLY PRESCRIBED 
DP PLOT, TC PLOT, AND LOAD v-i CURVE 


The methods presented so far require the synthesis of a nonmono- 
tonic DP plot whenever the TC plot contains one or more segments 
with negative slopes.1 The fact that the TC plot of the trivial net- 
work consisting of a pair of crossed wires is given by U6 = —U; 
suggests that this requirement is not necessary in general. In fact, 
we shall now derive a method based on the lattice network shown 
in Fig. 8-17a. The foundation of this method is given by the fol- 
lowing theorem. 


LATTICE NETWORK SYNTHESIS THEOREM 


A symmetric lattice network containing only monotonic resistors 
can always be synthesized to have a prescribed TC plot v, = T(v), 
a prescribed load resistor vz-iz, curve i, = gzr(vz), and a prescribed 
DP plot i = g(v) across the input terminals provided the following 
three conditions are satisfied: 


Condition 1: agtv) 10 and ager) 5.0 
dv dv, 
Condition oa TS ao) <1 (8-41) 
a : dT(v) dg(v)/dv 
Condition 3: Zs EC Em Gevidus 


Observe that condition 1 implies that both the DP plot and 
the load resistor vz-i, curve are strictly monotonically increasing 
functions. Condition 2 implies that the magnitude of the slope of 
the TC plot must be less than unity. The last condition imposes a 
constraint between the slope of the TC plot and the slopes of the 
DP plot and the v;-i, curve at corresponding points. If the curves 
are piecewise-linear, which we shall assume in the following dis- 
cussion for simplicity, the slope at each breakpoint can be chosen 
to correspond to either one of the two segments. 


The proof of this theorem will be given in Chap. 12. Mean- 
while, let us assume that it is true and proceed to derive a synthesis 
procedure. Since the above theorem guarantees that all resistors of 
the lattice network will come out monotonic, it follows from the 
uniqueness theorem (Sec. 5-6) that the network has a unique solu- 
tion. Hence, we may apply the symmetric lattice network theorem 


1__l__»y, volts 
8 TaN 


> v, volts 


(c) (d) 


ta. 3 > v, volts 


v2 =F, (v) 


v, =F, (v) 


i =a ! —_—— 
4 B v, volts 
(e) (f) 
7 Wa oa We ae Tae L—> v5, volts 
(g) (h) 


Fig. 8-17. Graphical procedures for synthesizing a nonlinear lattice network with a prescribed DP plot, TC plot, and load 
v-i Curve. 
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(Sec. 7-7-1) to the network in Fig. 8-17a and conclude that v4 = v2 
and i, = ig. Suppose now we write the KVL equations around the 
loops formed by nodes a-c-b and c-a-d and use the relation v4 = vz 
to obtain 


D = Uy + U4 = Ui + V2 


Uy, = —Uy + 02 
Solving for v; and v2 from these equations, we obtain 


= AG _ Uz) (8-42) 
v= Y(v + Uz) (8-43) 


Next, let us write the KCL equations at nodes a and ¢ and use the 
relation i4 = 72 to obtain 


i= 11 + le 
ip =i —i4g=h — lo 
Solving for i; and ig from these equations, we obtain 


pees (8-45) 


12 


Let us now observe from Fig. 8-17a that since vz, = Uo, the TC plot 
Uo = T(v) can also be written as 


vp = T(r) (8-46) 
Hence, the load resistor vz-i, curve i, = gr(vy) can be expressed in 


terms of the driving-point variable v by a graphical composition be- 
tween this curve and the TC plot, namely, 


i, = gr(T(v)) (8-47) 


Finally, let us substitute Eqs. (8-46) and (8-47) into Eqs. (8-42) to 
(8-45) to obtain 


vy = ’v — ’T(v) = F,(v) (8-48) 
ve = Yeu + 4&1) = Fo(v) (8-49) 
in = 4g(0) + Yer(TO)) = Gv) (8-50) 


i /2g(V) — gr(T(v)) — Go(v) (8-51) 
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Observe that these equations are now functions of the same 
variable v and can be readily obtained graphically. 

It remains for us to eliminate the variable v from the two 
curves Fy(v) and G;(v) to obtain the v,-i; curve of resistor R4. This 
again can be readily done graphically. Similarly, we can graphically 
eliminate the variable v from the two curves F2(v) and Ga(v) to ob- 
tain the v2-i2 curve of resistor Rg. Let us illustrate this procedure 
by an example. 


EXAMPLE 


Suppose the prescribed load resistor curve i, = gz(vz), the pre- 
scribed TC plot v, = T(v), and the prescribed DP plot i = g(v) are 
given, respectively, in Fig. 8-17b to d. An inspection of these 
curves shows that conditions 1, 2, and 3 are satisfied, and hence, 
we are guaranteed that the method is valid. 

The first step in the synthesis procedure is to obtain the 
curves v; = F\(v) and v2 = F2(v) as defined by Eqs. (8-48) and 
(8-49). This is easily done graphically as shown in Fig. 8-17e. 
Notice that the ordinates of the TC plot must be divided by 2 be- 
fore carrying out the subtraction and addition operations graph- 
ically. 

The next step is to obtain the curves i, = G,(v) and iz = G2(v) 
as defined by Eqs. (8-50) and (8-51). Before we do this, however, 
we must first obtain the curve i, = gz(T(v)) by a graphical com- 
position between the load resistor curve i, = gz(vz) and the 
TC plot vz, = T(v). This curve is shown in the upper portion 
of Fig. 8-17f together with the curve i; = ig = /2g(v) (obtained by 
dividing the ordinates of the DP plot by 2). The results of adding 
and subtracting the ordinates of these two curves are shown 
by the curves i; = G,(v) and iz = Go(v) in Fig. 8-17f 

The last step in the synthesis procedure is to obtain the vy-i1 
curve of resistor R, and the v2-i2 curve of resistor Rg.f The v4-i1 
curve is easily obtained by a graphical elimination procedure be- 
tween the curves v; = Fi(v) of Fig. 8-17e and i; = Gi(v) of 
Fig. 8-17f. The result is shown in Fig. 8-17g. Similarly, the 
UV2-iz curve is obtained by a graphical elimination procedure 
between the curves vz = F2(v) of Fig. 8-17e and ig = G2(v) of Fig. 
8-17f. The result is shown in Fig. 8-17h. As expected, both resis- 
tors R, and Rg are monotonic. They can, therefore, be easily 
realized by the methods described earlier. 


The above graphical procedures are relatively simple. How- 
ever, if a numerical error is committed, it is sometimes difficult to 
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1Unlike the other meth- 
ods which are applicable 
to all cases, although we 
may end with nonmono- 
tonic resistors, the present 
method is not valid in 
general if the three con- 
ditions are not satisfied. 


+ Since the lattice network 
is symmetrical, the v1-i; 
curve of the upper resistor 
R, is identical with the 
v3-13 curve of the lower re- 
sistor. Similarly, the v2-i2 
curve of resistor Rg across 
terminals a-d is identical 
with the v4-i4 curve of re- 
sistor Rg across terminals 
c-b. 
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detect. A computer program can be easily written to carry out the 
graphical procedures above. Among other things, the computer 
can be instructed to check the three conditions given in Eq. (8-41) 
and to print out the complete solution if these conditions are 
satisfied. If one or more conditions are not satisfied, the computer 
can still be instructed to carry out the procedures, only this time 
we expect the resistors R4 and Rg to be nonmonotonic and hence 
the solutions may or may not be correct. In this case, the computer 
must be instructed to find the DP and TC plots of the synthesized 
network and to check them against the specifications. 

There is nothing we can do if the conditions are not satisfied. 
In fact, as we shall show in Chap. 12, if the magnitude of the 
slope of the TC plot is greater than 1 at some points on the plot, 
then the resistors will be nonmonotonic. Physically, this agrees 
with our intuition that it is not possible for a network containing 
only monotonic resistors to produce a larger output voltage than 
the applied input voltage. This is because some of the input power 
will be dissipated as heat. 

If we are interested only in the TC plot, however, we can 
divide its ordinate by an appropriate constant so that the three con- 
ditions are always satisfied. In this case, we might as well assume 
that the load resistor vz-iz, curve and the DP plot are both linear. 
This TC plot can then be synthesized by the above lattice network. 
The final TC plot is obtained by connecting a voltage-controlled 
voltage source in cascade with the resulting lattice network. Hence, 
we have shown that any v, = T(v) TC plot can be realized by 
a symmetric lattice network (containing only monotonic resistors) 
and possibly a voltage-controlled voltage source. 


Exercise 1: Verify that the network synthesized in Fig. 8-17 indeed satisfies the 
specifications. HINT: Apply the method used in Example 2 of Sec. 7-6. 


Exercise 2: In many practical applications, the load resistor vz-i, curve and the 
DP plot are both linear. Show how the graphical procedures can be simplified in 
this case. Apply this procedure to realize the TC plot shown in Fig. 8-17c 
but with the load resistor and DP plot both represented by a 1-kQ linear resistance. 


Exercise 3: Find the procedures for synthesizing a prescribed TC plot i, = T(i), a 
prescribed load resistor curve i, = gr(vz), and a prescribed DP plot i = g(v) by 
the symmetric lattice network shown in Fig. 8-17a. What are the conditions that 
must be satisfied in this case? 


Exercise 4: Repeat Exercise 3 but with the TC plot replaced by v, = T(i) and then 
19 = T(v). 
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8-6 SUMMARY 


Synthesis of operating points (biasing) 


1. Any two-terminal resistor can be biased to operate at a pre- 
scribed point on its v-i curve by a resistor-battery biasing net- 
work. To satisfy other design criteria, a nonlinear biasing net- 
work may be desirable. 


2. Any three-terminal resistor can be biased to operate at a pre- 
scribed point on its characteristic curves by one of the three 
biasing networks tabulated in Table 8-1. 


3. The thermal-runaway phenomenon may occur in both two- 
terminal and three-terminal resistors. This phenomenon can be 
avoided by a properly designed biasing network. 


Synthesis of DP plots 


1. Any monotonic DP plot can be realized by using only linear 
resistors, concave resistors, convex resistors, and, at most, one 
battery. The concave and convex resistors can, in turn, be 
realized by junction diodes, zener diodes, constant-current 
diodes, and linear resistors. The synthesized network is always 
stable. The two methods are the following: 

a. Segment-by-segment method. 

b. Series- and parallel-decomposition methods. In these meth- 
ods, the concave portion of the DP plot can be easily realized 
by a nonlinear ladder network containing only zener diodes, 
linear resistors, and one junction diode. The convex portion 
can be realized by a nonlinear ladder network containing 
only constant-current diodes, linear resistors, and one junc- 
tion diode. 

2. Any current- or voltage-controlled DP plot can be realized by 
three methods: 

a. A negative resistor in series (parallel) with a monotonic 
resistor 

b. A scalor-rotator combination and a monotonic resistor 

c. A scalor-reflector combination and a monotonic resistor 


Synthesis of TC plots 


1. Any one of the four types of TC plots can be realized by 
a nonlinear resistor and a controlled source. 


2. Any monotonic TC plot is best realized by the following more 
practical methods: 
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. If the slope of each point on the v,-VSs.-v; (io-VS.-1i) TC plot 


is positive and less than unity, use the nonlinear voltage- 
divider (current-divider) method. 


. If the slope of each point on the v,-vs.-v; TC plot is greater 


than unity, use the operational amplifier method. 


. If the magnitude of the slope of each point on the v,-vs.-v; 


(i-vs.-i;) TC plot is less than unity (but may be negative), 
use the symmetric lattice network. 


. If the magnitude of the slope of the v,-vs.-v; (ig-vs.-ii) 


TC plot is greater than unity (but may be negative), a 
voltage-controlled voltage source (current-controlled current 
source) may be used in cascade with the symmetric lattice 
network. 


Synthesis of jointly prescribed DP plot, TC plot, and load v-i curve 
This set of simultaneous specifications can be realized by a sym- 
metric lattice network under appropriate conditions. (For the 
Uo-VS.-U; TC plots, the conditions are given by Eq. 8-41.) 


PROBLEMS 


8-1 


8-2 


8-3 


8-4 


The biasing-circuit configuration 3 in Table 8-1 is to be used 
to bias a p-n-p transistor type 2NXX18B. The desired operat- 
ing point is given by Jg = —0.2 ma and Vcg = —S volts. The fol- 
lowing biasing-circuit elements are chosen: E = —10 volts, R4 = 
50 kQ, Re = 1.5 kQ. Find the other element values of the biasing 
circuit. 


The biasing-circuit configuration 2 in Table 8-1 is to be used 
to bias a p-channel FET type 2NXX20. The operating point is 
given by Vps = —15 volts and Veg = 0.6 volt. The following 
biasing-circuit elements are chosen: E = —30 volts, Ro = 13 kQ, 
and R4 = 300 kQ. Find the other element values of the bias- 
ing circuit. 


An n-p-n transistor type 2NXX17B is to be biased in the common- 
emitter configuration with Jz = 0.6 ma and Veg = 5 volts. The 
n-p-n transistor is known to have a negative temperature coefficient. 
Use the biasing-circuit configuration 2 in Table 8-1 and as- 
sume that £ = 15 volts and Ry = 10 kQ. Find the remaining ele- 
ments of the biasing network in order to minimize the possibility 
of thermal runaway. 


A p-n-p transistor type 2NXX18A is to be biased in the common- 
emitter configuration with Ig = —100 wa and Vog = —5 volts. 
The p-n-p transistor has a negative temperature coefficient. Use the 
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biasing-circuit configuration 2 in Table 8-1. Assume E = —15 volts 
and R4 = 50 ki. Find the remaining elements of the biasing net- 
work in order to minimize the possibility of thermal runaway. 


8-5 The circuit shown in Fig. P8-5 is called a common-emitter ampli- 
fier. From various practical considerations which need not be de- 
tailed here, it is desired that this circuit be operating at Voy = 5 
volts and Ic = 34 ma, and that the two resistors R; and R4 be re- 
lated by Ri R4/(Ri + Rs) = 500 Y. Without using Table 8-1, find 
the values of E, Ry, and Rg. 


Fig. P8-5. 


8-6 Synthesize the DP plots shown in Fig. P8-6a to f with concave re- 
sistors, convex resistors, and, at most, one battery. 
Fig. P8-6. 


At, ma 


v, volts v, volts 


v, volts v, volts 
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+——> p, volts 
60 


(e) (f) 


Fig. P8-6 (Continued). 
8-7 Using only concave resistors, convex resistors, and, at most, one 
battery, synthesize the DP plots shown in Fig. P8-7a and b. 


-—30 -20 -10 
+ + 


| —»> v, volts 


Fig. P8-7. (b) 


8-8 Synthesize the DP plots shown in Fig. P8-8a to g using only posi- 
tive resistors, zener diodes, and constant-current diodes. 


(e) (f) (g) 


8-9 Using only concave resistors, convex resistors, and, at most, one Fig. P8-8. 
battery and one negative resistor, synthesize the DP plots shown in 
Fig. P8-9a to d. Fig. P8-9. 


i, ma 


v, volts v, volts 


v, volts 
-—80 -60 —40 \-20 0 
| 


(d) 
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8-10 Synthesize the DP plots shown in Fig. P8-9a to d by the following 
methods: 
(a) scalor-rotator combination 
(b) scalor-reflector combination 


8-11 (a) Show that any concave DP plot can be realized by the zener- 
diode ladder network shown in Fig. P8-11a. 
(b) Show that any convex DP plot can be realized by the constant- 


current diode ladder network shown in Fig. P8-11b. 


R, 
E> Ey 
Re ST ae ieay Ye, Pi 
a, ee 
E, =0; J= 
ae v 
_ 
= Ej) +R; 1», = mG = 208, n 
k 
k=1 
(a) 
hi 
ty 
En 
Hot Bn 
—>U 
G, 85 8541 Jalen 8 eal 
ae i= 
yee. ; 
be 
=F. + Gj, Y) “Ee I= 2,3; n 
k 


k=1 


(b) 
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8-12 Synthesize the DP plots shown in Fig. P8-6a and b by the follow- 
ing methods: 
(a) For the concave DP plot, use the nonlinear ladder network 
shown in Fig. 8-10 of the text. 
(b) Repeat (a) using the nonlinear ladder network shown in Fig. 
P8-1 1a. 
(c) For the convex DP plot, use the nonlinear ladder network 
shown in Fig. 8-10d of the text. 
(d) Repeat (c) using the nonlinear ladder network shown in Fig. 
P8-115. 


8-13  Synthesize the TC plots shown in Fig. P8-13a to c by the following 
methods: 
(a) a nonlinear voltage divider with R; = 500 Q 
(b) a nonlinear voltage divider with Ro = 500 Q 
(c) an operational amplifier with a linear feedback resistor 
(d) an operational amplifier with a nonlinear feedback resistor 


AU, volts Up, volts Up, volts 


———— Hp 
Pin Joy The? volts 
+_10 
4-200 elf 20 
(a) (6) 
é Fig. P8-13. 
8-14 Synthesize the TC plots shown in Fig. P8-14a to c by the following 
methods: 
(a) a nonlinear current-divider with Ri = 1,000 Q 
(b) a nonlinear current-divider with Re = 1,000 2 are 
ht, ma 
6+ 


(a) (b) 
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8-15 The TC plot shown in Fig. P8-15a is required to compensate for 
the undesirable nonlinearity of a pressure transducer. The nonlin- 
ear voltage-divider network shown in Fig. P8-15b is proposed for 
this purpose. The resistor R; is a varistor type INXXS. 

(a) Find the DP plot of Re. 
(b) Synthesize Rz using only concave resistors, convex resistors, 
and, at most, one negative resistor. 


—400 


+ —600 


+—800 (a) 


Fig. P8-15. 


Fig. P8-16. 


(a) 


8-16 When a load resistance Rz, is connected across a nonlinear voltage 
divider as shown in Fig. P8-16a, the original TC plot of the net- 
work will be altered. In order to preserve the original TC plot, we 
can consider Rz, either as a component of Re as shown in Fig. 
P8-165 or as a part of the resistor-source combination as shown in 
Fig. P8-16c. 

(a) Find the procedure for determining R3 in Fig. P8-16d. 

(b) Find the procedure for determining R2 in Fig. P8-16c. 

(c) Assuming that R, = 500 Q2 and Ry = 500 &, synthesize the 
TC plot shown in Fig. P8-13a with the network shown in 
Fig. P8-16b. 

(d) Assuming that Ry, = 500 Q and Ry = 500 &, synthesize the 
TC plot shown in Fig. P8-13c with the network shown in 
Fig. P8-16c. 
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8-17 Show that if a TC plot I contains one or more segments with 
slopes |m;| > 1, it can always be reduced to a new TC plot I” with 
segment slopes |m,| < 1. This is obtained by cascading the network 
realizing I’ with a voltage-controlled voltage source v, = ku, 
as shown in Fig. P8-17. If M is the maximum absolute value of the 
slopes of I’, find the minimum value of k in order that the slopes 
of segments of I” be less than unity. 


Fig. P8-17. 


8-18 Using only concave and convex resistors, synthesize the jointly 
prescribed TC plot, load vz-i, curve, and DP plot shown in 
Fig. P8-18a to c, respectively. Fig. P8-18. 


Avo, volts 


(a) 


9-1 BASIC PHILOSOPHY 


Although we have not yet studied a completely general method 
for analyzing arbitrary resistive nonlinear networks, we have 
nevertheless learned enough theory to enable us to look at some 
interesting practical problems. We have found it convenient and 
instructive to classify these practical problems into two main 
categories, the dc-resistive functional networks and the ac-resistive 
functional networks. Accordingly, the present chapter deals with 
the first category, and the next chapter deals with the second 
category. 

Although no essentially new concepts will be introduced 
in these chapters, many new insights concerning the application of 
the preceding material to physical problems will be given. We hope 
that the practical applications considered in these chapters will 
provide enough motivation for the student to undertake a serious 
study of the general theory of resistive nonlinear networks given in 
subsequent chapters. 

We have devoted a considerable portion of the book to the 
operating-point concept, the DP plot concept, and the TC plot 
concept. Our ultimate objective, however, is to design a network to 
perform a given task. We shall call this network a functional net- 
work, in contrast with those hypothetical networks which serve 
primarily as illustrations or as exercises. 

Traditionally, the subject of functional networks is taught by 
the “cookbook approach.” This usually consists of a collection of 
various types of functional circuits and methods for analyzing 
them. In this approach, the starting point is the network in ques- 
tion. This is followed by a brief description of the function per- 
formed by the network. An approximate analysis is then given, 
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which usually leads to some design criteria. This procedure is 
applied to as many functional networks as possible during the 
period of time allotted. This method essentially requires that one 
memorize the recipes associated with a list of functional networks. 

There are at least three very serious defects in the above 
approach. First, since the network concerned is usually given 
without any indication of the logical steps which led to its dis- 
covery, the procedure is not clear, and the reader is deprived of the 
sequence of thought required in any creative process. Second, since 
the method used to analyze a given network is usually tailored to 
suit only that particular network, it is often of a specialized 
nature. It is, therefore, impractical to try to fit each new network 
into the same mold. Third, since new networks are being discovered 
at an amazing rate, no one has enough time or energy to study all 
existing functional networks in this manner. In view of the above 
shortcomings, we are forced to abandon the traditional approach 
in favor of our black-box approach. 

In the black-box approach, our starting point is always a 
statement of the desired task to be performed by a network. The 
next step is to translate this statement, if possible, into a set of 
network specifications. For example, the given task may consist of 
finding a network whose output voltage is equal to the square of 
the input voltage. In this case, it is easy to find an equivalent 
specification; i.e., synthesize the TC plot v, = v;?. Of course, it is 
not always easy, or even possible, to find an equivalent specification 
in the form of a TC plot or a DP plot. For example, the given task 
may consist of finding a network whose output voltage is the 
derivative of the input voltage. In this case, it is clear that the 
specification cannot be expressed in terms of a TC plot or a DP 
plot. However, the specification can be expressed as u,(t) = dv,(t)/dt. 
Once the specification is clearly formulated, the last step consists 
of the synthesis of a black box that meets the specifications. 

Conceptually, it is convenient to represent the task to be per- 
formed by the multi-input, multi-output black box shown in Fig. 
9-1a. In this figure we have shown symbolically a set of input signals 
X4(0), X2(0), . . . » Xm(t) and an associated set of desired output sig- 
nals yi(2), yo(t), . . - , Y(t), where x,(7) or y(t) may represent a cur- 
rent waveform or a voltage waveform. The black box can, therefore, 
be interpreted as a machine, or more precisely, a “signal processor” 
which processes the input signals and transforms them into the 
given set of output signals. 

In this chapter, we shall consider mostly the simpler case 
where there is only one input signal x(f) and only one output sig- 
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Fig. 9-1. The black-box repre- 
sentation of a multi-input, 
multi-output and a single-in- 
put, single-output signal proc- 


essor. 


x,(t) y,(t) 
oe 
X(t) Y(t) 
S| MUItEInput 
e multi- output 

black box e 
Xm( t) Yn ( t) 
| Se 

(a) 

x(t) Single- input y(t) 
o—>—+ single-output —>—o 
black box 
(b) 
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nal y(/), as symbolized by the single-input, single-output black box 
shown in Fig. 9-15. We shall further restrict ourselves to those 
specifications which can be realized by dc-resistive networks, 
leaving those that require ac-resistive networks to the next chapter. 

At this point, one may raise the objection that in view of the 
presence of parasitic elements, such as lead inductances and stray 
capacitances, any physical network is by nature a dynamic network. 
Why then do we study resistive functional networks? This question 
is best answered by stating the fact that while all physical networks 
are dynamic networks, some of these actually behave more like re- 
sistive networks, except possibly during brief intervals of time or 
during situations where the frequency of the signals is exceedingly 
high. We shall refer to this class of networks as quasi-resistive net- 
works, in contrast with those networks which are truly dynamic 
networks. Since the operation of a quasi-resistive network does 
not depend primarily on the presence of parasitic elements, this 
class of networks is usually designed first as a resistive network. 
The effects due to the parasitic elements are then analyzed, and 
attempts are usually made to compensate for such undesirable 
effects. This is often accomplished in a number of ways, such 
as (1) make a careful layout of the wiring to minimize the parasitic 
capacitance between wires and the parasitic inductance in the 
leads, (2) choose high-quality components, that is, those having 
v-i curves which are valid up to some reasonably high frequencies, 
and (3) add small compensating inductances and capacitances at 
the right places. For convenience, we shall refer to the uncompen- 
sated network as the “skeleton network” and the compensation 
techniques as the “frostings.” In line with our objective to empha- 
size basic concepts rather than detailed design considerations, we 
are interested only in the realization of a skeleton network to 
perform a given task. We shall leave the frostings to a more 
design-oriented follow-up course. 

In the following sections, we shall consider various classes of 
common dc-resistive functional networks. Our basic philosophy is 
always to express the specifications in terms of one or more DP 
plots or TC plots or a combination of both. 


9-2 FUNCTIONAL BLACK BOX FOR WAVEFORM GENERATION 


There are many applications which require a specific signal wave- 
form other than those commonly available from signal generators. 
For example, in automatic control systems, a control signal is 
usually required to achieve an optimal operation. The signal re- 


Synthesis of dc-resistive nonlinear functional networks: the black-box approach 425 


quired to control the rocket motor of a spacecraft during soft- 
landing is a fairly complex waveform. The signals generated by 
many biological systems such as the brain are usually difficult to 
measure, and hence it is desirable that these signals be simulated 
by electronic means. We may classify the signals to be generated 
into periodic waveforms and aperiodic waveforms. 


9-2-1 GENERATION OF PERIODIC WAVEFORMS 


One of the simplest methods for generating a periodic waveform 
u(Z) is to transform a sinusoidal waveform into v(t). This particular 
waveform is chosen because it can be easily generated in practice. 
The desired waveform v(?) is obtained by applying the sinusoidal 
waveform across the input of a nonlinear network with an appro- 
priate TC plot. This TC plot is easily obtained by a graphical 
elimination procedure between v(t) = E sin wt and v,(t). 


EXAMPLE 


A 60-Hz triangular waveform of amplitude E is required in a cer- 
tain biological simulation study. To find the TC plot for gener- 
ating this waveform, we choose a sinusoidal signal of the same fre- 
quency and amplitude. The graphical elimination procedure is fig. 9.2. The graphical elimi- 


applied to these two signals as shown in Fig. 9-2. The resultant TC _ nation procedure for determin- 
ing the TC plot of a sine-wave- 


to-triangular-wave generator. 


Uo, volts Avg, volts 
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plot shown in the upper right-hand corner of this figure can 
be synthesized by the methods described in Chap. 8. 


The above TC plot turns out to be monotonic and hence can 
be easily synthesized. It is quite common, however, for the TC plot 
to come out nonmonotonic or even multivalued. In this case, 
a different input signal may lead to a more practical network 
realization. 


9-2-2 GENERATION OF APERIODIC WAVEFORMS 


If the desired waveform v,(f) is not periodic, it must be defined 
over some prescribed time interval t; < ¢ < fg. The waveform for 
t > fg is of no interest because, in practice, this signal is usually 
disconnected at some time fe from the circuit of interest. Hence, 
we may still use a sinusoidal input signal, provided its period T is 
greater than or equal to the time interval of interest, that is, 
T > (te — hh). 

If the above approach leads to a multivalued TC plot which is 
difficult to realize, we may choose another input signal waveform. 
A more convenient signal to choose is 


— kt hh < t < to (9-1) 


In this case, if vu) = f(t) is the desired waveform, then solving 
for ¢ in Eq. (9-1) and substituting it in f(t), we obtain the desired 
TC plot 


o=/(2) 03 


This equation guarantees that the TC plot is always a single- 
valued function and can, therefore, be realized by the methods 
described in Chap. 8. 


Exercise 1: Find a practical method for realizing the TC plot shown in Fig. 9-2 
and synthesize a network for this. Explain what practical considerations have been 
taken. 


Exercise 2: Find an appropriate periodic signal waveform similar to Eq. (9-1) so 
that when it is applied across a network having the TC plot described by Eq. (9-2), 
it will generate a prescribed aperiodic waveform v,(t) = f(z) over the time inter- 
valO <t< T. 
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9-3 FUNCTIONAL BLACK BOX FOR WAVESHAPING 


The networks discussed in the preceding section require a fixed 
input signal to obtain a prescribed output signal. There is another 
important class of practical applications for which the input may 
be any signal waveform v,(¢), and the output waveform v,(é) is 
related to v,(¢) in accordance with some specified operations. Since 
the input waveforms are being shaped to produce a desired output 
waveform, we shall refer to this class of networks as waveshaping 
networks. We have already encountered many waveshaping net- 
works in Chap. 6. In particular, any nonlinear network which per- 
forms an algebraic or transcendental operation is a waveshaping 
network. For example, the networks described by the TC plots 
Vo = Ay + Ay; + agv;? + --- + andi", Uo =k log vi, vo = Veil, 
Up = SiN Vj, etc., are all waveshaping networks. We shall now con- 
sider some common practical examples. 


9-3-1 CLIPPING NETWORKS 


Given an arbitrary input signal v;(¢) such as the waveform shown 
in Fig. 9-3a, it is sometimes desirable to transform this signal into 
an output waveform v,(Z) in accordance with one of the following 
three sets of specifications shown in Eqs. (9-3), (9-4), and (9-5). 


Case I 


bas U,(2) whenever v(t) > £4 (0-3) 
Ey whenever u;(t) << Ey 


In this case, we can imagine v,(f) as obtained by clipping off that 
part of the input waveform below the line v; = FE; as shown 
in Fig. 9-3b. Any network which accomplishes this task is called a 
base clipper. 


Case 2 
TR) whenever v;(t) < E2 


(9-4) 
EF» whenever v,(t) > E2 


v(t). = 


In this case, we can imagine v(t) as obtained by clipping off that 
part of the input waveform above the line v; = E2 as shown in Fig. 
9-3c. Any network which accomplishes this task is called a peak 
clipper. 
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(1) 


Fig. 9-3. Classification of various types of clipping networks and their realization. 
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Case 3 


U;(t) whenever E2 < u,(t) < Ey 
Uti a NES whenever u;(t) > Ey; (9-5) 
E> whenever u(t) << Ee 


In this case, v,(7) is obtained by clipping off that part of the input 
waveform below the line v; = Ez and above the line v; = E; 
as shown in Fig. 9-3d. Any network which accomplishes this task 
is called a base-and-peak clipper. 

Our next objective is to find the TC plot, if it exists, associated 
with each of the clippers defined above. An examination of the 
waveform in Fig. 9-3b and the operation defined by Eq. 9-3 leads 
to the TC plot shown in Fig. 9-3e. Since the slope of this plot is not 
greater than unity, we may choose the simplest realization, a non- 
linear voltage divider described in Chap. 8. By the template 
method, we readily obtain the DP plot for the nonlinear resistor 
Rez as shown in Fig. 9-3f. The resulting network is shown in Fig. 
9-3. In practice, the ideal diode is usually replaced by a junction 
diode. This will alter the TC plot slightly, and the resulting wave- 
form will suffer some distortion. 

An examination of the waveform in Fig. 9-3c and the opera- 
tion defined by Eq. (9-4) results in the TC plot shown in Fig. 9-3h. 
The DP plot of the nonlinear resistor Re is shown in Fig. 9-37, and 
the complete network realization is shown in Fig. 9-3). 

Finally, the TC plot of the base-and-peak clipper as obtained 
from Fig. 9-3d and Eq. (9-5) is shown in Fig. 9-3k. The DP plot of 
the nonlinear resistor Rz is shown in Fig. 9-3/. This DP plot can be 
realized by connecting the two nonlinear resistors similar to R2 of 
Fig. 9-3g and j in parallel, as shown in Fig. 9-3m. If E; > 0 and 
E2 <0, as is usually the case, the corresponding DP plot can be 
realized by two back-to-back zener diodes in series (see Fig. 7-154), 
thereby eliminating the two batteries. 

The above clipping networks are widely used in applications 
wherein some portion of an input signal is undesirable for subse- 
quent operations. For example, the incoming pulse signal of many 
communication systems are usually contaminated with noise! 
(superimposed on top of the signal). This noise can be removed by 
passing the signal through a peak clipper. Another example 
of the use of clipping networks is in the synthesis of square waves. 
For example, the vertical pulse waveform shown in the upper 
right-hand corner of Fig. 6-37d can be transformed into a square 
wave by clipping off both the top and the bottom portion of this 
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1Any unwanted signal is 
called a noise. 
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Fig. 9-4. A practical applica- 
tion of the base-and-peak clip- 
per. 


(c) 


waveform as shown in Fig. 9-4a. Our first instinct suggests that we 
connect the tunnel-diode pulse generator of Fig. 6-37a across 
a base-and-peak clipper as shown in Fig. 9-4b. This is incorrect, 
however, because i, ~ 0 in this circuit, and hence the loading effect 
of the base-and-peak clipper will alter the original TC plot of the 
tunnel-diode network. 


t, usec 
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There are two practical approaches to overcome the loading 
effects. One approach is to choose as large a value for R, as pos- 
sible so that the DP plot seen by the tunnel diode approximates 
an open circuit. This method is the most economical; however, the 
loading effect cannot be completely eliminated. The more general 
approach is to “sandwich” an isolation box (see Fig. 3-20c) between 
the two circuits as shown in Fig. 9-4c.1 


9-3-2 ANALOG-TO-DIGITAL CONVERTERS 


The digital computer has often been called the most important 
invention of the twentieth century. It has made automation pos- 
sible in virtually every field. One of the fundamental characteris- 
tics of the digital computer is that it can handle only digits. As a 
consequence, if we want to use a digital computer to perform 
some automatic operations on a given signal u(f), as in the process 
of guiding a rocket into a proper orbit, this signal must be given 
as a stepwise or discrete function of time. Since most physical sig- 
nals such as u,(¢) in Fig. 9-5a are continuous functions of time, it 
is necessary to convert u,(t) into an approximate discrete signal 
0,(0) as shown in Fig. 9-5b. A network which accomplishes this 
task is sometimes called an analog-to-digital converter. Obviously, 
the smaller the stepsize AE, the more accurate is the representation. 
The TC plot for an analog-to-digital converter with stepsize AE is 
easily seen to be given by Fig. 9-5c. Since the slope at each jump 
is oo, let us choose the operational amplifier circuit (with a linear 
feedback resistor Ry = 1 k&) described in Chap. 8. The problem 
reduces to that of realizing a DP plot (in the milliampere-volt 
plane) which is identical with the TC plot shown in Fig. 9-5c. 
Notice that this DP plot can be easily synthesized by a series and 
parallel combination of the two component DP plots shown in 
Fig. 9-Sd and e, where k = 1, 2,..., n. These component DP 
plots can be realized, respectively, by two zener diodes connected 
back-to-back in series and two constant-current diodes connected 
back-to-front in parallel. The resulting ladder network shown in 
Fig. 9-5f is easily seen to be a realization of the required DP plot. 
If we connect this network in place of the nonlinear resistor R in 
the operational amplifier circuit shown in Fig. 9-5g, we would ob- 
tain the desired TC plot. 


Exercise 1: Obtain the DP plots for the nonlinear resistor R2 shown in Fig. 9-3f, 
i, and /. Verify the network realizations shown in Fig. 9-3g, j, and m. 


Exercise 2: Find the effect on the output waveform resulting from our replacing 
the ideal diodes in Fig. 9-3g, j, and m by junction diodes (such as type 1NXX2). 
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1Jn practice, the isolation 
box may be synthesized 
using a cathode follower 
vacuum-tube circuit or an 
emitter follower transistor 
circuit. 
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Fig. 9-5. Synthesis of an ana- 
log-to-digital converter. 
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Exercise 3: The duals of voltage clippers are called current clippers. (a) Define 
the three types of current clippers. (b) Specify the TC plots corresponding to the 
three types of current clippers. (c) Synthesize each of the three types of current 
clippers using only current sources, linear resistors, ideal diodes, and constant- 
current diodes. 


Exercise 4: Show how the triangular waveform in Fig. 9-2 can be transformed 
into a symmetrical trapezoidal waveform. Do not neglect loading effects. 


Exercise 5: Suppose the TC plot shown in Fig. 9-5c is to be synthesized using a 
nonlinear voltage divider. (a) If R; is linear, find the DP plot for Ro. (b) If Re is 
linear, find the DP plot for R. 


9-4 FUNCTIONAL BLACK BOX FOR COMPENSATION 


Another common problem in practice consists of designing an 
appropriate nonlinear network for compensating or equalizing some 
undesirable features of a given device, instrument, or an entire 
system. The basic approach to this problem consists of finding an 
appropriate TC plot, if it exists, for achieving this task. Once the 
TC plot is found, it can be synthesized by the techniques described 
in Chap. 8. We shall illustrate this approach by two common 
applications. 


EXAMPLES 


1. Most transducer (Fig. 9-6a) characteristic curves relating an 
output voltage v and a physical variable x are nonlinear. This 
nonlinearity is undesirable for several reasons. First, it is 
difficult to calibrate a nonlinear scale accurately because the 
interpolation is not linear. Second, the transducer output volt- 
age is usually used to activate some controller mechanism 
whose design is greatly complicated by the nonlinearity of the 
transducer. A fundamental problem in transducer design, there- 
fore, consists of designing a compensating network so that the 
resulting transducer characteristic curve is linear over some 
specified range. 

As an example, the characteristic curve of a typical vertical- 
position transducer is shown in Fig. 9-6b, where v is the output 
voltage and x = @ is the silt angle from the vertical position in 
degrees. This type of transducer is often used aboard spacecraft, 
missiles, ships, etc., in order to monitor the tilt angle. To 
linearize this transducer, we seek a two-port compensating net- 
work connected as shown in Fig. 9-6c. Our problem is to deter- 
mine the v,-vs.-v TC plot of this network so that the overall 
transducer characteristic curve is given by v, = k6, where k is 
a constant. The graphical procedure for determining the v,-vs.-v 
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v, volts 


x Transducer ae > 0, degrees 


Ol ¢ +0 


(a) 


0 Tilt- angle Compensating 
transducer network 
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Uo, volts TC plot of 
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U9 =kO 
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Fig. 9-6. Synthesis of a com- 
pensating network for lineariz- plot corresponding to k = 10 is shown in Fig. 9-6d. The result- 
Ine aa peelieeuces = nonlinear ing TC plot in the upper left-hand corner of this figure can be 


characteristics. 


easily synthesized by the techniques in Chap. 8. 


2. We have already seen in Chap. 8 that the operating point of a 
nonlinear resistor changes with temperature. One approach for 
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overcoming this problem is to design a biasing network which 
also depends on temperature in an inverse manner. Another 
approach is to synthesize a network which produces an output 
-voltage as a prescribed function of temperature. For example, 
a varactor diode is a nonlinear capacitor whose incremental 
capacitance C(v) = dq(v)/dv is shown in Fig. 9-7a. By changing 
the applied voltage v = —Vg, the operating point Q can be 
moved to any point having a desired capacitance value. We 
have already mentioned in Chap. | that this property can be 
used to tune in radio stations by simply changing the bias volt- 
age. The same principle can be used to change the frequency 


AC(v) 


Temperature- 
dependent 
biasing 
network 


—>U 
J x —Vo 


(a) (b) 
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Fig. 9-7. A basic technique for 
producing an output voltage 
as a function of temperature 
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of oscillation of an oscillator or multivibrator.1 Now, in prac- 
tice, the frequency of any oscillator changes with temperature 
because of changes in the component values. However, if we 
measure experimentally, at each temperature, the correction in 
capacitance needed to bring back the oscillation frequency to a 
constant value, then we can translate this data into the form of 
a required biasing voltage v(7) as a function of temperature. 
This voltage can be derived from a temperature-dependent 
biasing network as shown in Fig. 9-7b. As a specific example, 
the biasing voltage required to maintain the frequency of a 
large class of oscillators used in portable military electronic in- 
struments is shown in Fig. 9-7c. In other words, if we can vary 
the biasing voltage in accordance with this curve, then the 
oscillator frequency will remain unchanged over the prescribed 
temperature range. One method for synthesizing the tempera- 
ture-dependent biasing network is to combine thermistors in 
such a way as to produce the desired output voltage. This 
approach is satisfactory only over a small temperature range. 

A more general approach is to break up the network into 
three parts as shown in Fig. 9-7d. The first part is simply 
a voltage-divider network where the resistor Ri = Ri(T) is any 
temperature-dependent /inear resistor such as an NTC therm- 
istor.2 The output voltage across R2 is given by: 


Ro 


“1t) = Bar) + Re 


E (9-6) 
Since R;(T’) is the resistance of an arbitrarily chosen thermistor, 
it is unlikely that v,(7) will fit the prescribed relationship in 
Fig. 9-7c. However, we can always find a temperature-independ- 
ent shaping network having an appropriate v = f(v;) TC plot so 
that the composition 


v=fOiT ) =o2) (9-7) 

is the desired curve. Observe that what we did here was to shift 

11t will be shown in Chaps. the burden of realizing an appropriate temperature-dependent 

ee . Laat in oe resistor Ri(T) into the synthesis of a temperature-independent 

Oi Pedic duis shaping network. Hence, the resistor R, here plays the role of 
tors is a function of the a “sensing” element rather than a compensating element. 


capacitance in the circuit. 


2 When operating in its low- introns emenitiet ital asa nae ent Sa incage ase : Soe aaa 
voltage region, the NTC 
thermistor can be con- Exercise 1: In many practical problems, it is desirable to generate an output volt- 
sidered as linear for most age v as a function of some physical variable x. Find a general procedure 
practical purposes. for achieving this task. 
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Exercise 2: Show that under appropriate conditions the network to the right of 
the resistor Re (including Re) in Fig. 9-7d can be replaced by a symmetric, non- 
linear lattice network. Give the detailed procedure for doing this. 


9-5 FUNCTIONAL BLACK BOX FOR REGULATION 


If we connect a linear load resistor Rz across a Physical volt- 
age source, usually called a power supply, with terminal voltage E 
as shown in Fig. 9-8a, and if we measure the voltage uz, as we de- 
crease the value of Rz, we observe that the value of uv, also 
decreases. This observation, of course, contradicts the definition 
of an ideal voltage source. To resolve this paradox, a more refined 
model must be chosen for the voltage source as shown in Fig. 9-85, 
where the resistor R, is usually called the internal source resistance. 
This results in a voltage divider where the voltage vz is seen to de- 
crease as Ry; decreases. In addition to the effect introduced by R,, 
the output voltage v, of any physical voltage source may also vary 


Refined model of 
/ voltage source N 
R, 
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Fig. 9-8. The characterization 
of a voltage regulator in terms 
of a DP plot, and a possible 
network configuration for real- 
izing it. 
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because of other external causes. For example, the internal volt- 
age of a generator decreases whenever its prime mover slows down. 

In many electronic instruments and systems, it is necessary 
to design a network to compensate for the above variations, 
so that under certain restrictions, the output voltage uz as seen by 
the load resistor Ry will remain constant. To be more specific, we 
are given the following specifications: 


1. The load resistance R, may vary over some specified range. 


Rmin << Ry =a Rymax (9-8) 


2. The internal voltage variation AE may vary over some specified 
range. 


AE min 4 AE <x AE max (9-9) 


where AF min < 0. and AEys, = 0. 

The problem is to design a two-port black box so that when 
it is connected between a physical voltage source and a load, as 
shown in Fig. 9-8c, the output voltage v, remains constant at 
some prescribed value vz, = Eo, as long as the variations in 
R, and AE fall within the above specifications. Such a two-port 
black box is called a voltage regulator. 

Our first objective is to characterize the black box shown in 
Fig. 9-8c, either in terms of a TC plot or a DP plot. Since the out- 
put current 7 is not zero, but in fact varies as the load resistance 
changes, it is not meaningful to characterize the black box by a 
single TC plot. On the other hand, since the concept of DP plots 
is well defined regardless of the networks connected across the 
driving-point terminals, it is but natural for us to characterize the 
voltage regulator in terms of the DP plot seen across terminal a-b 
of the black box N, as shown in Fig. 9-8c. Observe that this DP 
plot includes the resistance R, and the voltage source E + AE. 

Since the black box N is in parallel with R;, the output volt- 
age vz, is simply the intersection of the DP plot of N and the load 
line v = —R;i, where the value of R;, may vary according to Eq. 
(9-8). This means that if we draw the load lines corresponding to 
the two extreme values Rmax and Rmin, as shown in Fig. 9-8d, 
then any intermediate load line will necessarily fall within the 
sector bounded by these two load lines. In order to obtain a con- 
stant output voltage v, = Ep for all values of load resistance Ry, 
within the specified range, it is necessary that the DP plot of N be 
a vertical segment inside this sector, as shown in Fig. 9-8d. The 
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shape of the DP plot outside the sector is irrelevant and may as- 
sume any convenient form, such as the plot shown in Fig. 9-8¢. 

Our next objective is to find a two-port network so that when 
one of its ports is connected to a physical voltage source, the DP 
plot across the other port satisfies the above condition. Many two- 
port networks can be found. We shall consider only the simplest 
case, that is, a resistor Rz in place of the two-port network, 
as shown in Fig. 9-8f In order to find the DP plot of Re, we re- 
verse the procedure for obtaining DP plots of two resistors in 
parallel. This can be done by subtracting the ordinates of the 
pertinent portion of the DP plot of N, as shown in Fig. 9-9a, from 
the DP plot of the resistor-voltage source combination (corre- 
sponding to a typical generator voltage E + AE), as shown in 
Fig. 9-9b. The resulting v2-i2 curve contains a vertical segment in 
the first quadrant between i = (J; — J3) and i = (2 — J) as 
shown in Fig. 9-9c. Since the remaining portion of the DP plot is 
immaterial, we are free to choose any commercially available re- 
sistor which meets the above specification in the first quadrant. This 
immediately suggests a zener diode connected as shown in Fig. 9-9d. 
For flexibility, we have added a resistor R in series with the inter- 
nal resistance Rs. To obtain the DP plot of N, we draw the v2-i, 
curve of the resistor-voltage source combination and the v2-i2 
curve of the zener diode as shown in Fig. 9-9e. Observe that since 
AE may vary according to Eq. (9-9), we have shown two vUe-i; 
curves corresponding to the two extreme cases. The resulting DP 
plot of N corresponding to an intermediate value E + AE is 
shown in Fig. 9-9f Observe that in order for this DP plot to 
satisfy the requirement shown in Fig. 9-8e, it is necessary that 
I, < Ig. This requirement can be easily met by a suitable choice 
of the series resistance R. The complete voltage-regulator network 
is shown in Fig. 9-10a. 

In practice, the zener diode is rated by the maximum current 
Imax that it can safely handle. Therefore, we must also satisfy the 
condition 


lo < Imax (9-10) 
From Fig. 9-10a we obtain 
Pe hsahy (9-11) 


The value of i is found by determining the operating point Q of 
the network as shown in Fig. 9-10b. Let this be denoted by 
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Fig. 9-9. The synthesis of a 
voltage regulator using one 
zener diode. 
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rs 4 ; ‘ r Fig. 9-10. The complete volt- 
i = —Ig, where Ig is the distance shown in Fig. 9-10b. The value  age-regulator ae See 


of i; is found by substituting the output voltage vg = Eo into the graphical procedure for deter- 


mining the optimum value of 
the current-limiting resistor R. 


DP plot equation 
v2 = (Rs + Rj + (E + AE) (9-12) 


Observe that this DP plot corresponds to the dotted line through 
v= E + AF in Fig. 9-10b. 

Therefore, the value of ii is simply the intersection P between 
the DP plot and the vertical line through v = Ep as shown in Fig. 
9-10b. Let us denote this current by i; = —Ip, where Jp is the dis- 
tance shown in Fig. 9-10b. 

Substituting the values of i and i; into Eq. (9-11), we obtain 


peniee sa (9-13) 


This equation shows that the distance between points P and Q is 
equal to the magnitude of the current flowing through the zener 
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diode. Hence, in order to satisfy Eq. (9-10), we must be sure that 
point P must be close to point Q. 

Observe that if we decrease the value of R but keep the inter- 
nal voltage source constant, the breakpoint P will move downward 
because the slope of the v2-i; curve decreases. This will increase 
the distance between points Q and P, thereby increasing the cur- 
rent in the zener diode. The role played by the resistor R is now 
obvious: it limits the current drawn by the zener diode so that con- 
dition (9-10) can be satisfied. 

One might be led to conclude at this point that R should be 
chosen as large as possible in order to prevent “burning out” the 
zener diode. That this is not true is readily seen by the load-line 
construction shown in Fig. 9-10c. Observe that because R is too 
large, the operating point Q corresponding to some load resistance 
R, no longer falls on the vertical segment, and the output voltage 
is different from Epo. 

There must, therefore, be an optimum value for R. This can 
be found by examining the worst case that might happen, that is, 
when Ry = Rmin and AE = AEpin. The corresponding load-line 
construction is shown in Fig. 9-10d. Clearly, the largest value of 
R that can be chosen occurs when the operating point Q corre- 
sponding to the minimum load Rin coincides with the breakpoint 
P. With this optimum value of R, it is seen that for any other value 
of generator voltage AE > AEnpin, such as shown in Fig. 9-10e, the 
operating point Q will always lie along the vertical segment v = Ep. 

Although the above discussion is restricted only to a simple 
zener-diode voltage-regulator circuit, the same principle can be ex- 
tended to analyze and synthesize other types of voltage-regulator 
circuits. In particular, the DP plot seen across the load resistor must 
necessarily contain a vertical segment as in Fig. 9-8e. 


Exercise 1: The dual case of a voltage regulator is a current regulator. Find 
a simple realization. 


Exercise 2: Find the effect on the voltage regulation when an actual zener diode 
with an almost, but not quite, vertical segment is used in place of the ideal 
zener diode. 


9-6 SUMMARY 


Basic philosophy Given a set of specifications involving the proc- 
essing of signals, our first step is to translate the functions to be 
performed into circuit theoretic terms. In many practical cases, the 
specifications can be expressed in terms of a combination of one 
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or more TC plots and DP plots. Once this equivalent specification 
is found, the techniques discussed in Chap. 8 can be used to 
realize the pertinent networks. The advantage of this approach is 
that any network which accomplishes the same task must be de- 
scribed by the same combination TC plots and DP plots. This 
makes it unnecessary to study each circuit as a separate entity. 


Functional black box for waveform generation The network is designed 
to transform a specific input waveform into a prescribed out- 
put waveform. 


1. A periodic waveform is usually generated by applying a sine 
wave of the same frequency across a network with an appro- 
priate TC plot. 


2. An aperiodic waveform can always be generated by applying 
a linear time function uv; = kt across a network with an appro- 
priate TC plot. 


Functional black box for waveshaping The signal-processing operation 
is applicable to arbitrary input signals. For example, a clipping net- 
work is designed to clip off the lower portion (base clipper), the 
upper portion (peak clipper), or both the lower and upper portions 
(base-and-peak clipper) of an input signal. 


Functional black box for compensation This class of network is used 
to correct or equalize some undesirable features of an existing de- 
vice, circuit, or system. Two common applications are as follows: 


1. To linearize the nonlinear characteristics of transducers. 
2. To generate a temperature-dependent output voltage. 


Functional black box for regulation This class of network is used to 
regulate the output signal waveforms over a wide range of load 
resistors. The most common example is a voltage regulator. 


PROBLEMS 


9-1 Given an input waveform u(t) and an output waveform v,(7), the 
TC plot obtained from a graphical elimination between these 
signals may be a monotonic function, a single-valued function, or 
a multivalued function. 

(a) Find some simple criterion in terms of v;(t) and v,(t) so that 
the TC plot is monotonic. 

(b) Find some simple criterion in terms of v;(¢) and v,(¢) so that 
the TC plot is a single-valued function. 
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9-2 A triangular waveform of either polarity as shown in Fig. P9-2a 
and b is available. Design a network to transform these signals into 
the output waveforms shown in Fig. P9-2c and d, respectively. 
Such a network is called a frequency doubler. 
tis volts hu, volts 
20 - ~ 20 r 
3 
>t, usec : ; ; >t, usec 
0 1 2 3 
- —20 ce _— — 
20 G@) es 
Avo, volts Uo, volts 
t, usec 
0 1 2 3 rene os 
-10 
I (c) 
Fig. P9-2. 9-3 A third harmonic sinusoidal generator is a signal processor for 


converting an input voltage v,(‘) = E sin wt into an output voltage 
v(t) = KE sin 3t. 


(a) 
(b) 
(c) 


Find the TC plot of a third harmonic sinusoidal generator 
corresponding to k = —, 1, and 2. 

Design a third harmonic generator with E = 10 volts and 
Kies, 

Repeat (b) with k = 2. 


9-4 An nth harmonic sinusoidal generator is a signal processor for 
converting an input voltage v,(t) = E sin w? into an output voltage 
v(t) = KE sin not. 


(a) 


(b) 
(c) 


Find the nature of the TC plot if n is an odd integer. Is it a 
single-valued function? 

Repeat (a) for even integers. 

Repeat (a) and (4) for nonsinusoidal periodic signals. 


9-5 An nth-order subharmonic sinusoidal generator is a signal proces- 
sor for converting an input voltage v{(¢) = E sin wt into an output 
voltage u,(t) = KE sin (w/n)t. 


(a) 


(b) 
(c) 


Find the nature of the TC plot if n is an odd integer. Is it a 
single-valued function? 

Repeat (a) for even integers. 

Repeat (a) and (6) for nonsinusoidal periodic signals. 


9-6 In a medical experiment a dog’s heart is to be stimulated by 
a periodic pulse of the form shown in Fig. P9-6a, where the quan- 
tities T, 7, and £ are all variable. A signal generator capable 
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of generating a symmetrical, positive, triangular waveform with 
arbitrary amplitude and frequency is available. Design a network 
for accomplishing this task. Use the output voltage of the signal 
generator as the input of this network. 


U,(¢), volts 


Fig. P9-6. 


9-7 Find the TC plot of a signal processor for converting an input 
voltage v;(¢) into an output voltage v,(7) according to the following 
rule: 

@ v;(2) whenever u,(t) > 3 volts 

Vo = 

5 whenever v;(t) < 3 volts 

(a) Synthesize the above TC plot using an ideal diode and a 
battery. If u,(t) = 6 sin 2zf, sketch the output voltage. 

(b) If the ideal diode is replaced by a junction diode type INXX2 
and the same input signal in (@) is applied, find the resulting 
output voltage. Compare this with the desired output voltage 
as obtained in (a). 

(c) In order to minimize the discrepancy between the actual out- 
put signal obtained in (5) and the desired output signal, the 
battery voltage E of the network obtained in (a) should 
be changed when the junction diode is introduced in place of 
the ideal diode. Find the new voltage E. 

9-8 Repeat Prob. 9-7 for the case where the output signal is given by 
the following rule: 

v;(2) whenever u,(t) > —3 volts 

—3 whenever u;(t) < —3 volts 


Uo(t) i 


9-9 Repeat Prob. 9-8 for the case where the output signal is given by 
the following rule: 

v;(t) whenever u,(¢t) < —3 volts 

=—=3 whenever v,(t) > —3 volts 


v(t) = | 


9-10 In a certain instrumentation problem, it is required to design a 
network so that the output current is the natural logarithm of the 
input current; that is, 


In i,(t) whenever i;(t) > 1 ma 


fi (Gh) 


0 whenever i;(t) << 1 ma 
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Fig. P9-11. 


Fig. P9-12. 
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(a) Design a network for accomplishing this specification. 
(b) Repeat (a) for the dual case where the variable i is replaced 
by the voltage v. 


The v-vs.-x relationship of a certain pressure transducer for meas- 
uring eyeball pressure is shown in Fig. P9-11. Design a nonlinear 
compensation network so that the overall characteristic of the 
transducer is given by vp = ‘Ax. 


It is desired to design a thermistor network in a refrigerator-oven 
environmental chamber to give an output voltage v,(¢) which 
is linearly related to the temperature inside the chamber. Such an 
arrangement would allow the voltage across a temperature-sensitive 
device under observation (inside the chamber) to be plotted 
directly versus temperature by an x-y recorder whose movements 
are controlled by the device’s output voltage. As a starting point 
in the design, consider the themistor voltage divider circuit shown 
in Fig. P9-12a. 

(a) If the thermistor is assumed to be operating on its linear re- 
gion with a resistance R;(7') as shown in Fig. P9-128, find the 
voltage v(T ) across the 1-kQ resistor Ro. 

(b) Find the TC plot of the compensating network so that 
the overall characteristic is given by v. = 1 + T/100 volts. 

(c) Synthesize the complete network using only concave resistors, 
convex resistors, a battery, and an isolation box. 

(d) Synthesize the TC plot in (6) by a symmetric lattice network. 

HINT: Replace the 1-kQ resistor R2 in Fig. P9-12a by an appropriate 

nonlinear lattice network with an equivalent 1-kQ linear DP plot. 


R,(T), kQ 


-T, °F 
(a) (b) 


9-13 The most commonly used temperature-sensing element in the de- 


sign of temperature-dependent networks is the NTC thermistor. 
When operating at low voltages, the thermistor can be represented 
by a temperature-dependent linear resistance 


R(T) = Roe8/?-1/T0) 
where JT = absolute temperature of thermistor 


Ro = resistance at temperature To 


$8 = constant which depends on material of which therm- 
istor is made 
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Thermistors with a wide range of Ro and 6 are commercially 

available. It is possible to “shape” the resistance-vs.-temperature 

curve of a thermistor by combining it with other elements. The five 

most common combinations are shown in Fig. P9-13a to e. 

(a) What is the effect of R, on the resistance-vs.-temperature 
curve of the composite elements in Fig. P9-13a and b? 

(b) What is the effect of the choice of 8 and Ro of the two therm- 
istors Ry(7) and R2(T) in Fig. P9-13c and d on the overall re- 
sistance-temperature curve? 

(c) What is the effect of R;, R2, and R3 on the overall resistance- 
temperature curve in Fig. P9-13e? 

(d) Find the general shape of the resistance-vs.-temperature curve 
of the composite elements in Fig. P9-13. 


A certain voltage power supply can be represented by a 15-volt in- 
ternal voltage source in series with a 300-2 internal source resistance. 
The internal voltage source is known to have a maximum voltage 
variation of +2 volts. If the load resistance to be connected to the 
power supply is at least 500 , design a voltage regulator to main- 
tain the output voltage constant at 6 volts. The available zener 
diodes have a maximum current rating of 20 ma. You may assume 
that the zener diodes have perfectly vertical segments. 


The negative-resistance portion of a thermistor can be utilized to 

design voltage regulators. The basic circuit is shown in Fig. P9-15. 

Assume that the thermistor is maintained at a fixed temperature 

OE OU Ce 

(a) Plot the v,-vs.-v; TC plot. 

(b) Determine the approximate range of input voltages for ob- 
taining almost constant output voltage. 

(c) Repeat (a) and (5) with Rz = 50 k®. 

(d) Repeat (a) and (b) with Ry = 1 ki. 

(e) Compare the amount of regulation for the above three differ- 
ent values of Rr. 


75 kQ 


Fig. P9-15. 


9-16 


An accurate method for designing a vacuum gage in practice is to 
use the principle that the quantity of gas in a vacuum chamber 
changes the heat dissipation constant, and hence the ambient 
temperature, of a thermistor placed inside the chamber. A simple 


Fig. P9-13. 
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way to design such a vacuum gage is to connect two identical 
thermistors in the bridge circuit shown in Fig. P9-16a. Thermistor 
R, is sealed inside an evacuated glass bulb and placed inside the 
chamber. This is the reference element. Thermistor Rez is exposed 
directly to the environment of the chamber. This is the sensing 
thermistor. The ambient temperature of the reference thermistor is 
given to be 50°F. The vacuum pressure (in millimeters of mercury) 
inside the chamber changes the ambient temperature of the sensing 
thermistor in accordance with the experimentally determined curve 
shown in Fig. P9-16d. 

(a) Find the family of v-vs.-i DP plots across terminals a-b (re- 
place resistor R by an open circuit) with the ambient tem- 
perature 7’ as the parameter. 

(b) Determine the vg-ir curve of the calibrating resistor R so that 
the voltmeter (with infinite internal resistance) reading will be 
a linear function of the vacuum pressure as shown by the 
calibrated scale in Fig. P9-16c. 


7.5kQ 


ee ee 
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10-1 CHARACTERISTICS OF ELECTRONICALLY 
CONTROLLED SWITCHES 


The functional networks presented in Chap. 9 are dc-resistive net- 
works, and hence can be characterized either by a TC plot or by a 
DP plot for all time ¢. However, there are many important practical 
resistive functional networks which contain ac sources, and there- 
fore cannot be characterized by a TC plot or a DP plot for 
all time ¢. The ac sources in these networks usually play the role of 
controlling signals, and these signals generally consist of stepwise 
waveforms. This means that during some interval of time, the net- 
work can be considered as a dc-resistive network which can be 
characterized by a TC plot or a DP plot for that interval. Such 
networks can be considered as controlled resistors whose TC plots 
or DP plots vary with time. 

The most common controlled resistors are the electronically 
controlled switches. In its most general form, an electronically con- 
trolled switch is a two-port black box connected between a load 
and a source, as shown in Fig. 10-1a. The black box usually has 
one or more controlling signals s1(2), s2(t),...,5n(t), so that for 
some specified combinations of the signal waveforms, the black 
box reduces to a series switch as shown in Fig. 10-1b, to a shunt 
switch as shown in Fig. 10-Ic, or to a set of switches as shown in 
Fig. 10-1d. For convenience, we shall henceforth refer to these 
controlling signals as the switching signals. We shall consider first 
the series switch and then the shunt switch, leaving the more com- 
plicated configuration shown in Fig. 10-1d to the last. Our main 
motivation for studying electronically controlled switches is that 
they behave exactly like mechanical switches except that they can 
be turned on and off much more rapidly. Moreover, the switching 
operation can be achieved by remote control. 


449 


s(t) 
8,(t)/ s,(t) 


Electronic 
switch 
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(c) 


Rs 


S, 
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Fig. 10-1. A general configura- 
tion of an electronically con- 
trolled switch and its various 
specialized forms. 
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s(t) Sp (t) s,(t) 


Electronic 
switch 


Fig. 10-2. The representation 
of a series switch and a shunt 
switch in equivalent forms. 
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It is more convenient to represent the electronically controlled 
switch as shown in Fig. 10-2a for the series configuration, or as 
shown in Fig. 10-25 for the shunt configuration. If we replace the 
network connected to terminals a-b of the electronic switch by its 
Thévenin equivalent circuit, then in both cases we obtain the 
equivalent network shown in Fig. 10-2c. For the series switch, we 
have 


Rey = Ry AP Ry, (10-1) 
Ve: (10-2) 


For the shunt switch, we have 


R;Rz, 
= ee 10-3 
polar sie 
Ry 
CQ Se ee ee 10-4 
i : Rs ai Rr Y ( ) 


Observe that as far as the electronic switch is concerned, the 
external network connected across its driving-point terminals is the 
same in both the series and the shunt configurations. It suffices, 
therefore, for us to characterize the electronic switch in terms of 
the equivalent network shown in Fig. 10-2c. 

In order to function as a switch, it is necessary that for some 
specific combination of the switching signals, the electronic switch 
must “look like” an open circuit, and for another combination of 
the switching signals, the electronic switch must “look like” a short 
circuit. We intentionally use the term “look like” and not “become,” 
because it is not necessary for the electronic switch to actually be- 
come an open circuit or a short circuit. In order to clarify these 


Synthesis of ac-resistive nonlinear functional networks: the black-box approach 


seemingly contradictory statements, let us refer to Fig. 10-2c again 
and observe that the function that must be performed by the elec- 
tronic switch is this: given a range of values of Veg, that is, 


foe =< Veq < Eine (10-5) 
we would like to have the current 
i=0 (10-6) 


for some specified combination of the switching signals, and to 
have the voltage 


v= 0 (10-7) 


for another specified combination of the switching signals. Of 
course, if the electronic switch becomes either an open circuit or a 
short circuit, Eqs. (10-6) and (10-7) would automatically be satis- 
fied. But this is not the only way these equations can be satisfied. 
In fact, if we draw the load line in the v-i plane corresponding to 
the two extreme values specified by Eq. (10-5), as shown in Fig. 
10-3a, then at any time ¢, the load line corresponding to the input 
time function veq(t) must necessarily be parallel to these load 
lines, and is bounded between them. Since at any time 1, the volt- 
age v and the current i are found to be the intersection between the 
DP plot of the electronic switch and the load line at time f¢, it is 
clear that in order to satisfy Eq. (10-6), it is both necessary and 
sufficient that the DP plot be given as shown in Fig. 10-3b by 


0 for y Ree < Vv < Ena 


(10-8) 
arbitrary elsewhere 
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Fig. 10-3. The DP plots repre- 
senting the two states of an 
electronically controlled switch. 


Extreme position of 
(a) possible load lines (6) 
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1Jt is important to dif- 
ferentiate between the 
equivalent input signal 
and switching signal. The 
equivalent input signal is 
the information-bearing 
signal, in contrast with the 
switching signal, whose 
only function is to turn on 
or off the electronic switch. 


Resistive nonlinear networks 


Similarly, in order to satisfy Eq. (10-7), it is both necessary and 
sufficient that the DP plot be given as shown in Fig. 10-3c by 


Emax 
Reg 


0 for te ree 
i Req 


(10-9) 
arbitrary elsewhere 


The electronically controlled switch is, therefore, completely char- 
acterized by the two DP plots shown in Fig. 10-3b and c corre- 
sponding to the two specified combinations of switching signals. 
Observe that the DP plot shown in Fig. 10-35 “looks like” an open 
circuit only if the terminal voltage v lies within the interval 
(Emin, Emax). Similarly, the DP plot shown in Fig. 10-3c “looks 
like” a short circuit only if the terminal current 7 hes within the 
interval (Emin/Req, Emax/Req). For convenience, we shall say the 
switch is “off” if the switching signals result in i = 0, and we shall 
say the switch is “on” if the switching signals result in v = 0. 

It must be emphasized that the two voltages Emax and Emin 
are associated with the equivalent voltage veg and not the actual in- 
put voltage v;. However, given the range of the input voltages v;, we 
can immediately determine the corresponding range of Ueq from 
Eq. (10-2) for the series switch or Eq. (10-4) for the shunt switch. 
Similarly, the value of Req can be determined from Eqs. (10-1) or 
(10-3). For convenience, we shall usually refer to Veg as the equiva- 
lent input signal. 

In many practical applications, the input voltage v; assumes 
only one polarity for all time, that is, either v;(‘) > 0 or v,(t) < 0. 
Correspondingly, we have either Emin = 0 or Emax = 0. The above 
type of electronically controlled switch will henceforth be referred 
to as a unidirectional switch, in contrast with a bidirectional switch 
where neither Emin nor Emax is zero. We shall now proceed to syn- 
thesize some commonly encountered electronically controlled 
switches. 


10-2 SYNTHESIS OF SINGLE-CONTROLLED 
UNIDIRECTIONAL SWITCHES 


Consider the synthesis of an electronic switch corresponding to the 
case where the equivalent input signal veq(¢) > 0 for all time 4, 
and where there is only one switching signal s(t).1 We would like 
the switch to be “on” when s(t) = 0 and “off” when s(/) = E. If 
the range of the equivalent input signal is 


0 < Veq(t) = Emax (10-10) 
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(a) 


s(t) hi 


(f) 


then the DP plot of the switch must be as shown in Fig. 10-4a 
when s(t) = E and in Fig. 10-4b when s(t) = 0. Observe that the 
v-i curve beyond the horizontal or vertical segment is completely 
arbitrary. This gives us freedom to choose from a number of com- 
ponents that might fit the above description. For example, the 
simple ideal diode circuit shown in Fig. 10-4c would qualify 
because when s(/) = E, the DP plot shown in Fig. 10-4d contains 
the prescribed horizontal segment, provided 


E > Emax (10-11) 


DP plot for 
SH=E£ 


DP plot for 
s(t)=0 


(g) 


Fig. 10-4. The DP plots repre- 
senting the two states of a 
single-controlled unidirectional 
switch and their realizations in 
the form of a series switch and 
a shunt switch. 
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1Although the switching 

sensitivity is defined here 
as the ratio between two 
voltages, it could also be 
defined as the ratio be- 
tween any two appropriate 
quantities, e.g., two cur- 
rents. 
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Similarly, when s(t) = 0, the DP plot shown in Fig. 10-4e contains 
the prescribed vertical segment. If we connect this circuit in place 
of the black box shown in Fig. 10-2a or b, we obtain the simple 
series switch shown in Fig. 10-4f or the shunt switch shown in Fig. 
10-4g. Remember that these two circuits are applicable only when 
v;(t) > 0. However, we can apply the complementary-network 
theorem (Sec. 7-8) to realize the corresponding circuit when 
vi(t) < 0 by simply interchanging the two terminals of the ideal 
diode and the switching voltage source s(¢). 

In practice, we must choose an element which closely resem- 
bles the ideal diode, and the junction diode is usually chosen for 
this purpose. We must expect, therefore, that a physical electronic 
switch can only approximate the ideal case. In other words, when 
the switch is “off,” the current 7 in the switch will be quite small 
but not zero. Similarly, when the switch is “on,” the voltage v 
across the switch will be quite small but not zero. 

Although this switch is used in many applications, it has the 
disadvantage that in view of Eq. (10-11), a relatively large switch- 
ing signal is required to turn the switch off; that is, the voltage 
must be at least as large as the maximum equivalent input voltage. 
In many remote-control systems, the switching signal must be 
transmitted over vast distances, and hence it is uneconomical to 
use a large switching signal. In this respect, it is convenient to de- 
fine the switching sensitivity y of the switch as! 


1= oe (10-12) 


where Emax is the maximum amplitude of the input signal and E 
is the minimum amplitude of the switching signal required for sat- 
isfactory operation. For example, the switching sensitivity of the 
switch presented above is equal to unity. Clearly, when the switch- 
ing signal amplitude is our main concern, a high-switching-sensi- 
tivity switch would be desirable. 


10-2-1 A HIGH-SWITCHING-SENSITIVITY 
TRANSISTOR SWITCH 


The typical collector-to-emitter characteristic curves of an n-p-n 
transistor are shown in Fig. 10-5a. If we operate this transistor as 
a controlled resistor as shown in Fig. 10-5b, then the transistor v-i 
curve corresponding to the switching current i,(t) = Ig = 0 as 
shown in Fig. 10-5¢ 1s a good approximation to the prescribed 
horizontal segment (representing an open circuit). Similarly, the 
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Ap, ma 


6-—-—--— 


(g) 


(h) (i) 


Fig. 10-5. The step-by-step 


transistor v-i curve corresponding to i,(?) = Jz = 6 ma as shown 


procedure for synthesizing a 
series or shunt transistor 


in Fig. 10-5d is a good approximation to the prescribed vertical — witch. 


segment (representing a short circuit).1 The circuit shown in Fig. 
10-5, therefore, qualifies as a unidirectional switch. Since it is in- 
convenient to use a current source as the switching signal, let us 
replace it by the more practical switching voltage source circuit 
shown in Fig. 10-Se. Corresponding to the voltage switching sig- 
nal v,(0) in Fig. 10-5f, the value of the biasing resistor R is found 


1 


Transistors which are de- 
signed specifically with an 
almost horizontal v-i curve 
when Jg = O and an almost 
vertical v-i curve portion 
when Jp >0 are called 
switching transistors. These 
are readily available com- 
mercially. 
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1 The silicon-controlled rec- 
tifier is available commer- 
cially under many different 
trade names. Some of the 
more common aliases 
are the silicon-controlled 
switch (SCS),  Trigistor, 
Thyristor, Transwitch, and 
Binistor. A slight distinc- 
tion is sometimes given to 
these names in terms of 
the power-handling capa- 
bility and the switching 
speed of the devices. 
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by the load-line construction as shown in Fig. 10-5g. For most 
switching transistors, the value of E is a few volts. On the other 
hand, the value Emax may assume any prescribed value, say 30 
volts, and hence, the switching sensitivity 7 for this circuit is much 
higher than for the diode switch. If we connect this circuit in place 
of the black box in Fig. 10-2a or b, we obtain the series transistor 
switch shown in Fig. 10-5h or the shunt transistor switch shown in 
Fig. 10-57. 


10-2-2 A HIGH-SWITCHING-SENSITIVITY 
SCR LATCHING SWITCH 


One disadvantage of the transistor switch presented above is 
that the switching voltage signal v,(t) = E must be applied at all 
times when the switch is to simulate a short circuit. This could 
cause considerable drain in power over long periods of time. It is, 
therefore, desirable to design a switch which will stay “closed” 
even after the switching signal is removed. This is called a latching 
switch. A switch which exhibits this property is given by the 
silicon-controlled rectifier (SCR) circuit shown in Fig. 10-6a.1 The 
v-i curves of the SCR as a function of the controlling gate current 
Ig are shown in Fig. 10-65. Observe that the required horizontal 
segment can be approximated by that portion of the v-i curve near 
the v axis when Jg = 0. Similarly, the required vertical segment 
can be approximated by that portion of the v-i curve near the 
i axis. The fundamental feature of the SCR v-i curves which 
makes it a latching device is that the near-vertical segment in Fig. 
10-6b is a part of the v-i curve for all values of gate current. 
Hence, if we happen to be operating on this segment, then the 
operating point will remain on this segment even if the gate cur- 
rent is reduced to zero. 

In order to analyze how the switching is effected, let us 
assume that initially we are operating on the horizontal segment 
corresponding to Jg = 0 as shown in Fig. 10-6c. If we further 
assume that the value of the equivalent voltage source is bounded 


by 

Emin < Veq = Enax (10-13) 
where Emin corresponds to the voltage intercept of the load line 
passing through point H of the SCR v-i curve, then at any time ¢ 


the load line corresponding to vUeq(t) will lie between the two 
extreme load lines shown in Fig. 10-6c. Accordingly, the operating 
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Slope = —1/R eq Slope = —1/Req 


(a) (b) (c) 


(e) (f) 


Fig. 10-6. Graphical analysis 
of an SCR latching switch. 


point will always be on the lower horizontal segment.! Hence, the 

above situation corresponds to a switch in its “off” state. In order 

to turn on the switch, it is necessary to apply a large-enough 

switching current Jg so that the load lines intersect the resulting 

v-i curve only in its vertical segment, as shown in Fig. 10-6d. 

Once the switch is turned on and the controlling signal is removed, 1 Although strictly speaking 

the v-i curve of the SCR switches back to the one shown in Fig. eee Hanis Keine 

5 ; : ; ; . 10-6c, o 

10-6c. However, since the vertical segment of this v-i curve remains ie Sparnting point shetty 

intact, the operating point will also remain intact, and the switch __ the lower horizontal seg- 

will remain “on.’”’? The result is therefore a latching switch. Nr ate Sk 
The only way we can turn off the switch is to force the load mae willebevobvibus kfter 

line shown in Fig. 10-6c to move below point H of the v-i curve, — Chaps. 13 and 14. 

thus forcing the operating point to switch to the lower horizontal ? Again, when J = 0, there 

segment. In view of the significance of the point H, the corre- Ve pe coe 

: . . : oO atl oints, but in 

sponding current Iz is called the holding current. Hence, in order ieee ate the operating 

to turn off the switch, it is necessary to reduce the anode currenti point along the vertical 


below the holding current, that is, se pment nas actually wat- 
tained in practice. This, 


too, will be obvious after 


i< In (10-14) — Chaps. 13 and 14. 
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{ Because of some physical 
phenomenon analogous to 
inertia in physical systems, 
it takes a finite time inter- 
val to turn on or to turn 
off an electronic switch. 
The turn-on and turn-off 
times due to inertia are 
usually furnished by the 
manufacturer of the de- 
vice. 


tActually, the — specific 
switching level of s(t) is 
not important here. We 
could just as well require 
the switch to be on when 
s(t) = E and off when 
s(t) = 0. In fact, any two 
distinct levels s(t) = EF; and 
s(t) = Ey are acceptable 
provided such a switching 
signal is available. 


SIf this is not the case, we 
could simply set Emax and 
— Emin equal to the larger 
of the two magnitudes. In 
this case, the required DP 
plots will become more 
conservative than is nec- 
essary. 
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This can be done in a number of ways. The simplest way consists 
of disconnecting the anode from terminal a momentarily, thus 
forcing i = 0. Another way is to increase the value of Req momen- 
tarily or to decrease the value of Veq below Emin so that the load line 
through v = Emin will momentarily fall below point H.7 

If we connect this switch in place of the black box shown in 
Fig. 10-2a or b, we would obtain the series latching switch shown 
in Fig. 10-6e or the shunt latching switch shown in Fig. 10-6f. In 
practice, the controlling gate current is usually obtained by a cir- 
cuit similar to that shown in Fig. 10-5e. The required switching 
voltage is usually very small, and hence the switching sensitivity 
of this latching switch is extremely high. Because of this, the SCR 
is widely used in practice as a latching switch. 


Exercise 1: Discuss the procedure for designing a transistor unilateral switch 
corresponding to the case u,(t) < 0. 


Exercise 2: Synthesize a unilateral switch using the FET as the switching element. 


Exercise 3: In practice, the current source shown in Fig. 10-6a is generally re- 
placed by an appropriate resistor-voltage source combination. Explain how this 
circuit can be designed. What additional information do you need? 


Exercise 4: Synthesize a latching switch using the thyratron listed in Table 3-1 as 
the switching element. 


Exercise 5: The light-activated switch (LAS) is a newly discovered light-controlled 
nonlinear resistor whose characteristic curves are similar to the SCR but with 
the gate current parameter replaced by light illumination. (a) Design a latching 
switch using this element. (b) Give some practical applications of this particular 
switch. 


10-3. SYNTHESIS OF SINGLE-CONTROLLED 
BIDIRECTIONAL SWITCHES 


Consider the more general case of an electronic switch where the 
equivalent input signal veg may assume both polarities; that is, 
Emax > 0 and Emin < 0. We shall consider here only one switching 
signal s(f) so that the switch is on when s(t) = 0 and off when 
s(t) = E.f In this case, the electronic switch is characterized by 
the DP plot shown in Fig. 10-35 when s(t) = E, and in Fig. 10-3c 
when s(¢) = 0. For convenience, let us, without loss of generality, 
assume that Emax = —Emin.§ In this case, the DP plots in Fig. 
10-35 and c are symmetrical with respect to the origin over the 
region of interest. Hence, the symmetric DP plot theorem (Sec. 
7-1-2) suggests that we connect two identical unidirectional switches 
(such as the diode switch in Fig. 10-4c) back to front in parallel 
as shown in Fig. 10-7a. The DP plots of this combination corre- 
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sponding to the switching signal in Fig. 10-7b are shown in Fig. 
10-7c and d. Hence, if we choose the switching voltage level 
E> Emax, then the DP plot in Fig. 10-7c would satisfy the re- 
quirements of Fig. 10-3b. The DP plot in Fig. 10-7d also satisfies 
the requirements of Fig. 10-3c, regardless of the equivalent input 
signal. Hence, the circuit shown in Fig. 10-7a is a bidirectional 
switch. One disadvantage of this circuit is that two identical 
switching sources are required. We may be tempted to apply the 
v-shift theorem here and replace them by a single source. How- 
ever, we cannot do this because the two sources are connected 
back to front in series and therefore have the wrong polarity com- 
bination. However, these two sources may be replaced by an 
equivalent three-port transformer voltage-source combination 
(see Fig. 7-21e) as shown in Fig. 10-7e.1 If we substitute this 
bidirectional switch in place of the black box in Fig. 10-2a or b, 
we obtain the bidirectional series switch shown in Fig. 10-7fand 
the bidirectional shunt switch shown in Fig. 10-7g, respectively. 
Since physical transformers are bulky and heavy in comparison 
with solid-state devices, it is desirable to eliminate them if possible.” 
A closer examination of the DP plots in Fig. 10-7c and d might 


s(t) 


Fig. 10-7. Synthesis of a bidi- 
rectional electronic switch. 


1The transformers used 
throughout this book are 
assumed to be ideal for 
convenience. A_ physical 
transformer will deterio- 
rate in performance as the 
operating frequency in- 
creases to a very high value 
or decreases to a very low 
value. In particular, an 
iron-core transformer will 
not function at all with 
direct current. 


2In fact, based on the cur- 


rent state of the art of 
integrated-circuit  tech- 
nology, transformers are 
all but outlawed in virtu- 
ally every circuit. 
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Fig. 10-8. An alternate realiza- : : 2 
ae of a transformerless bid. | SUggest an alternate circuit. For example, consider first the net- 


rectional switch. work shown in Fig. 10-8a whose DP plot is shown in Fig. 10-80. 
If we connect two of these networks back to back in series as 
shown in Fig. 10-8c, we would obtain the same DP plot shown in 
Fig. 10-7c when s(t) = E, and in Fig. 10-7d when s(t) = 0. There- 
fore, the network shown in Fig. 10-8c is equivalent to the bi- 
directional switch in Fig. 10-7a. Notice that although two switch- 
ing voltage sources are still required, they now have the proper 
polarity combination for a fruitful application of the v-shift 
theorem. The resulting equivalent bridge circuit shown in Fig. 
10-8d constitutes a more practical realization. If we substitute this 
bridge network in place of the black box shown in Fig. 10-2a or 
b, we obtain the bidirectional series switch shown in Fig. 10-8e, or 
the bidirectional shunt switch shown in Fig. 10-8f Comparing the 
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circuits shown in Figs. 10-7 and 10-8, we observe that, in effect, 
we have traded the transformer for two diodes. This tradeoff 
is usually made in practice because transformers are generally 
more expensive and heavier than diodes. 

Following the same procedure as before, we can easily syn- 
thesize many other bidirectional switches using transistors, SCRs, 
or other nonlinear resistors which are either available now or yet 
to be invented.! As a matter of fact, at least a few dozen electronic 
switches exist in various different configurations and using differ- 
ent components. From the black-box point of view, however, they 
are all characterized by the same DP plot shown in Fig. 10-3b and 
c. There is no point, therefore, for us to study each of these cir- 
cuits as a separate entity. 


Exercise 1: Discuss the deviation in performance of the transformerless bi- 
directional switch in Fig. 10-8 from the ideal switch when the ideal diodes 
are replaced by junction diodes. 


Exercise 2: Synthesize a bidirectional electronic switch using transistors as the 
switching elements. You may use both p-n-p and n-p-n transistors. Avoid trans- 
formers if possible, but in any case use only one switching voltage source. Com- 
pare the switching sensitivity of this switch with the diode switch in Fig. 10-8. 


Exercise 3: Repeat Exercise 2 but using FETs as the switching elements. 
Exercise 4: Repeat Exercise 2 but using SCRs as the switching elements. 


Exercise 5: A paradox arises in analyzing the bidirectional switching circuit shown 
in Fig. 10-8 when the switching signal s(7) is allowed to take on negative values. 
Explain how this paradox can be resolved. 


10-4 SYNTHESIS OF CHOPPERS AND AMPLITUDE MODULATORS 


There are two very common waveform operations which are 
essential in many communication systems. One of these operations 
consists of “chopping” up an input signal, such as the time func- 
tion v;(¢) shown in Fig. 10-9a and transforming it into the output 
time function shown in Fig. 10-96. For obvious reasons, a black 
box that accomplishes this task is called a chopper. Because 
the function of a chopper is to take samples of the input signal at 
regular intervals of time, the black box is sometimes called a 
“sampling circuit.” An inspection of Fig. 10-9a and 6 immediately 
suggests that a chopper can be characterized by the two linear TC 
plots shown in Fig. 10-9c during alternate intervals of time. 
The second common operation is similar to the chopper ex- 
cept that every alternate “slice” of the input signal is inverted 
about the time axis as shown in Fig. 10-9d and e. The correspond- 
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1]t should now be clear that 
any controlled resistor 
which possesses a near- 
horizontal v-i curve for 
some controlling voltage 
and a near-vertical v-i 
curve for another control- 
ling voltage is a potential 
component for synthe- 
sizing electronic switches. 
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TC plot during the 
time intervals where 
u(t) =0 


(c) 


Fig. 10-9. The chopper and the 
amplitude modulator can be 
characterized by two TC plots 
which are switched back and 
forth by a switching signal. 


TC plot during the 
time intervals where 


TC plot during the 
time intervals where 
v,(t) =u; (t) 


> v; 


TC plot during the 
time intervals where 
u,(t) = —v;(t) 


Up (t) = uv; (t) 


(f) 


ing TC plots during alternate intervals of time are shown in Fig. 


10-9f. A circuit which meets this specification is called an ampli- 
tude modulator. 


10-4-1 PRACTICAL CHOPPERS 


The TC plots shown in Fig. 10-9c can be realized by a bidirectional 
electronic switch connected either in series, as shown in Fig. 10-10a, 
or in shunt, as shown in Fig. 10-104, with the input signal v;(¢). The 
switching signal s(t) as shown in Fig. 10-10c is chosen according 
to the prescribed width AT of each signal slice and the prescribed 
interval 7’ between signal slices. In theory, any bidirectional elec- 
tronic switch can be used for realizing the two chopper circuit 


+ 


Synthesis of ac-resistive nonlinear functional networks: the black-box approach 


configurations shown in Fig. 10-10a and b. In practice, we generally 
connect a resistor R, in series with the input voltage source v,(Z) 
of Fig. 10-10a and a resistor Rz across the output terminals 
of Fig. 10-100. In either case, this results in a voltage divider, and 
the output voltage is, therefore, smaller than the input voltage by 
the voltage-divider ratio. For example, the networks shown in 
Figs. 10-7 and 10-8 are some typical realizations. In practice, the 
chopper circuit shown in Fig. 10-8e is usually called a series 
modulator, while the chopper circuit shown in Fig. 10-8f is usually 
called a shunt modulator, or a Cowan modulator after its inventor. 


10-4-2 PRACTICAL AMPLITUDE MODULATORS 


Conceptually, the simplest way to synthesize the TC plot shown 
in Fig. 10-9f is to use four bidirectional electronic switches, as rep- 
resented symbolically in the circuit of Fig. 10-1la by Sy, So, Ss, 
and S4. Each switch is to be controlled by the switching signal s(t) 
shown in Fig. 10-115, such that when s(t) = E, switches S; and Sz 
are on while switches S3 and S4 are off, and when s(t) = —E, S, 
and S»2 are off while S3 and S4 are on. It is possible to eliminate 
two of these electronic switches by trading them for two trans- 
formers. This can be accomplished by either the network shown 
in Fig. 10-11e or the network shown in Fig. 10-11d. 

Observe that the two electronic switches in each of the two 
alternate realizations shown in Fig. 10-1lc and d require two 
separate switching signals. Our previous experience with the syn- 
thesis of electronic switches, however, suggests the possibility of 
reducing these to only one switching signal by means of the net- 
work shown in Fig. 10-1 le. In this case, observe that when s(t) = E, 
diodes D; and Dz become short circuits while diodes D3 and D4 
become open circuits. Similarly, when s(¢) = —E, diodes D; and 
Dz become open circuits while diodes D3 and D4 become short cir- 
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Fig. 10-10. Two basic config- 
urations of practical choppers. 
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Fig. 10-11. The step-by-step 
procedure leading to the syn- 
thesis of a ring modulator. 


cuits. Moreover, the two cases are independent of one another in 
the sense that only two of the diodes have an effect in the network 
at any one time. This observation suggests that if we combine the 
two sets of diodes as shown in Fig. 10-11f, we would still obtain 
the same result. The two networks shown in Fig. 10-lle and fare, 
therefore, equivalent. Observe that if we trace along the forward 
direction of each diode in Fig. 10-11 we would eventually return 
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to the original point. For example, starting with diode Dj, we 
proceed to Ds, then to Do, then to D4, and finally back to D,. This 
gives the appearance of a ring, and hence the above network 
is commonly called a ring modulator. 

Both the chopper and the amplitude modulator are widely 
used in telemetering equipment and other long-distance communi- 
cation systems. Some of these applications are given in the form 
of problems at the end of this chapter. 


Exercise 1: Discuss the disparity between the TC plots of the practical chopper 
circuits in Fig. 10-8 and the ideal TC plots shown in Fig. 10-9c. 


Exercise 2: Show that the transformers in the ring modulator can be replaced by 
four linear resistors. What are the disadvantages of doing this in terms of 
the disparity between the resulting TC plots and that shown in Fig. 10-9f? 


Exercise 3: Find another circuit for realizing an amplitude modulator. 


10-5 SYNTHESIS OF MULTICONTROLLED ELECTRONIC SWITCHES 


So far we have considered only electronic switches which are 
turned on and off by a single switching signal s(¢). Let us now con- 
sider the more general case where a predesignated combination of 
several switching signals 51(f), so(t),. . . , Sn(t) are needed to turn 
on and off the switch. We shall refer to this class of circuits 
as multicontrolled switches. While a single-controlled switch is 
analogous to a padlock, a multicontrolled switch is analogous to a 
combination lock. Just as the latter is much more versatile, the 
multicontrolled switch has a much wider field of application. Re- 
ferring again to the general configuration shown in Fig. 10-2c, it 
is clear that the DP plot of a multicontrolled bidirectional switch 
is still given by Fig. 10-3, and that for a multicontrolled unidirec- 
tional switch is given by Fig. 10-4. 

We shall consider only the synthesis of a multicontrolled uni- 
directional switch. The bidirectional case can be realized in a 
manner similar to that presented in Sec. 10-3. Consider what 
happens if we connect the two unidirectional switches in parallel 
as shown in Fig. 10-12a. Let us assume for simplicity that the 
switching signals s;(t) and s2(f) are stepwise waveforms as shown 
in Fig. 10-12 and c, respectively. The DP plots across each switch 
at any time ¢ = fo are shown in Fig. 10-12d and e. The resulting 
DP plot is shown in Fig. 10-12f1 Observe that the breakpoint 
voltage v = E at t = fo is always equal to the smaller of the two 
breakpoint voltages s3(¢o) and sS2(fo). In other words, the break- 
point voltage of the resulting DP plot at any time ¢ depends on 
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1 Review Sec. 6-3-1 on how 
to combine DP plots with 
vertical segments. 
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Fig. 10-12. The DP plot of two 
unidirectional switches in par- 
allel has a breakpoint voltage 
equal to the smaller of the 
breakpoint voltages of the com- 
ponent DP plots. 


1 To avoid unnecessary com- 
plexity in drawing, only 
three sections are shown. 
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the particular amplitude combination of s;(¢) and s2(f) at the same 
time. More generally, if n sections of this unidirectional switch are 
connected in parallel with switching signals s,(¢), so(0), . . . . Sn(0), 
then the DP plot at any time f is still given by Fig. 10-12/, where 
the breakpoint voltage E is equal to the smallest amplitude of 
these signals at the same time. Since the smallest amplitude of 
each switching signal is zero, the DP plot will look like a short cir- 
cuit (switch is on) whenever one switching signal is zero at a given 
time. This is equivalent to saying that the resulting switch will 
open at a given time f¢ if, and only if, all switching signals 
are simultaneously present (not zero) at the same time ¢. It should 
now be clear that this property allows us to choose all kinds 
of combinations to make the switch open or close at a given time. 
For example, this property can be used in the design of an elec- 
tronic combination lock. Let us now consider two common 
applications. 


10-5-1 SYNTHESIS OF A COINCIDENCE GATE 


If we substitute an n-section multicontrolled switch in place of the 
black box shown in Fig. 10-2c, we would obtain the equivalent cir- 
cuit shown in Fig. 10-13a.1 Notice that if we let Ey, Fo,..., Ey 
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be the amplitude of the respective switching signals, and if EF is the 
smallest among these, then it is necessary that the equivalent in- 
put signal satisfies 


0 < vet) < E (10-15) 


for all time ¢. Under this condition, the output voltage v,(¢) = Veg(t) 
if, and only if, none of the switching signals is zero at the same 
time. On the other hand, if at least one switching signal is zero, 
then v,(t) = 0. The sample waveforms shown in Fig. 10-13 to f 
would illustrate this property more clearly. Since the input signal 
can arrive at the output terminals only if all switching signals 
coincide (not zero) at a given time, this circuit is generally known 
as a coincidence gate. We shall now show how coincidence gates 
can be combined to synthesize what is known as a transmission 
gate. 
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Fig. 10-13. The synthesis of a 
coincidence gate and a demon- 
stration of its operating proper- 
ties. 
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Fig. 10-14. Symbolic represen- 
tation of a multi-input, multi- 
output transmission gate. 


1To simplify the schematic 

diagram, it is common 
practice to omit drawing 
all wires connecting volt- 
age sources or current 
sources to a common ter- 
minal, usually called the 
ground. 
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10-5-2 SYNTHESIS OF MATRIX TRANSMISSION GATES 


Consider the multi-input multi-output black box shown in Fig. 
10-14, where the input and output signals are represented by 
x1(f), X2(f), ... , Xm(2) and yi(d), yo(d), . . - , V(t), respectively. The 
switching signals are given, as usual, by s3(0), S2(0), . . . , Sn(f). This 
black box is called a transmission gate if for some specified com- 
bination of switchings, a number of preselected input signals ap- 
pear at the output terminals. For example, Fig. 10-15 shows a cir- 
cuit made up of coincidence gates.! This is easily seen by applying 
the v-shift theorem to shift s2(t) into two identical but separate 
sources. One of the two coincidence gates is made up of diodes D,; 
and Dz and is controlled by s,(¢) and s2(t). The other gate consists 
of diodes D3 and D4 and is controlled by s9(f) and s3(¢). 

Observe that aside from the fact that the two coincidence 
gates share one common switching signal s2(t), they are completely 
independent of each other. The three switching signals can be 
used to select any desired combination of output signals. For ex- 
ample, if we want yi(4) = x1(4) and yo(t) = 0, we simply apply the 
signals s;(¢) = so(t) = E and sa(t) = 0. If we want y,(t) = 0 and 
y2(t) = X2(t), we apply the signals s(t) = 0 and s2(t) = s3(4) = E. 
If we want both yi(t) = x1(4) and yo(t) = x2(t), we apply the 
signals s4(¢) = so(t) = s3() = E. Finally, if we want y,(4) = 0 and 
y2(t) = 0, then we apply any combination of the switching signals 
other than those considered above. Hence, with three switching 
signals we can select four possible combinations of the output 
signals. 

Clearly, by an extension of this idea, it is possible to select any 
number of input signals to appear at the output terminals by apply- 
ing a suitable combination of switching signals to an appropriate in- 
terconnection of coincidence gates. When more than two coinci- 
dence gates are used, it is convenient to draw the network in 
a more systematic form. One common configuration consists of 
an array or matrix of diodes such as the network shown in 
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Fig. 10-16, where there are 10 input signals, 10 output signals, and 
eight switching signals. Observe that the diodes in each row of this 
diode matrix constitute a coincidence gate. Hence, there are a 
total of 10 coincidence gates in this diode matrix. An examination 
of the transmission gate shows that by a suitable choice of four 
out of the eight switching signals, we can select any combination 
of input signals. For example, to obtain yo(f) = x9(t), we have to 
apply only the switching signals so(t) = s4(t) = se(t) = s(t) = E. 
On the other hand, if we want to have y2(t) = x(t) and yio(f) = 
X10(f) simultaneously, then we must apply si(t) = s4(t) = se(t) = 
S70) = ssf) = E. 


Exercise 1: Find what happens if the switching signals in Fig. 10-12 are allowed 
to become negative. What is its effect on the coincidence gate? 


Exercise 2: Synthesize a multi-input bidirectional switch. 


Exercise 3: Show how a coincidence gate may be synthesized to function as a 
chopper. 


Exercise 4: Synthesize a coincidence gate capable of transmitting an input signal 
of both polarities. 


Exercise 5: Design an electronic combination lock to be used in a bank vault. You 
may use one or more matrix transmission gates. 


10-6 SYNTHESIS OF LOGIC-CIRCUIT BUILDING BLOCKS 


Logic can be defined as the science of correct thinking. It dispenses 
with human intuition and concerns itself with the truth and falsity 
of statements as judged strictly from the light of a given set of 
axioms which define the rules of the game. For example, if we let 
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Fig. 10-15. An example of a 
transmission gate made up of 
two coincidence gates. 
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Fig. 10-16. An example of a 
matrix transmission gate con- 
taining 10 coincidence gates 
and eight switching signal 
sources. 
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x, and x2 represent any two statements or propositions, each of 


which may either be true or false, and if we combine these state- 
ments to form a new statement y, then we may define a “rule” to 


the effect that statement y is true if, and only if, both statements 
x, and x2 are true. Instead of stating this in so many words, we 
can express this rule by the following table: 


X41 X2 ey. 
True True True 
True False False 
False True False 
False False False 
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Notice that this table is an equivalent and somewhat more precise 
way for stating the above rule. It is called a truth table. Instead of 
spelling out the words true and false, much time is saved by de- 
noting them by symbols. It is customary to denote the word true 
by a | and the word false by a 0. It is important to realize that the 
1 and the 0 are strictly symbols. They have no numerical signif- 
icance whatsoever. Under this new notation, the above truth table 
becomes 


This particular rule is called a logic AND function. Since it is one 
of the most commonly encountered functions, it is tabulated in 
Table 10-1 with the four other common logic functions, namely, 
the logic OR function, the logic NAND function, the logic NOR 
function, and the logic NOT function. Using these five logic func- 
tions as basic building blocks, we can synthesize an infinite variety 
of more complex logic functions. Such logic functions are indis- 
pensable in the design of automatic machines with a certain 
amount of built-in artificial intelligence. For example, a logic 
function can be found to perform all possible alternatives in the 
routing of elevators. They can be used in place of the mechanical 
system of cams in an automatic washing machine. In fact, they are 
the basic building blocks of all digital systems, including digital 
computers. The study of how to find the logic functions for per- 
forming a given task is usually given in a course called switching 
circuit theory. Our objective in this section will be to study how 
the five basic logic functions can be implemented by nonlinear 
networks. Once we have these networks, then we can interconnect 
them to realize any logic function we need, provided we are care- 
ful to take the loading effects into consideration.? 

Since each input variable can assume only state | or state 0, 
we can easily represent these two states by two possible voltage or 
current levels. If we choose two convenient voltage levels E; and 
Eo and associate the level FE; with state 1 and level Eo with state 
0, then all we need to find are networks that will give an output 
voltage level corresponding to a combination of input voltage 
levels in accordance with the desired logic function. For reasons 
that will soon be obvious, the networks which realize the five 
basic logic functions in Table 10-1 are called AND gates, OR 
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1For simplicity, these func- 
tions are given only for 
one or two input variables; 
it should be recognized, 
however, that they (except 
for the NOT function) can 
be defined for any number 
of input variables. 


2These five types of 
basic building blocks 
are now available com- 
mercially as black boxes 
with only the pertinent 
terminals brought out for 
external connections. 
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TABLE 10-1 Five common logic functions and their defining truth tables. 


Logic function Symbol Truth table 
x1 x2 yy 
X 0 0) 0) 
AND . AND ny, 0 1 0 
2 jt) 9eaKG 
1 1 1 
xX X2 3? 
Pn ee ale IP e 
a 0 0 0 
OR _ y 0 1 1 
é Tea |! 
1 1 1 
x4 x2 oy 
a 0 0 1 
NAND i NAND 5 i ; 
(NOT-AND) x5 
| 0 1 
1 1 0 
xX x2 ty; 
NOR x, r ; 0 ; 
(NOT-OR) x 1 
: fn MG 
1 1 0 
Xl oy 
NOT x NOT y 0 1 
1 0 


gates, NAND gates, NOR gates, and NOT gates. Since we are con- 
cerned only with stepwise signals which can assume one of two 
levels, Ey or Eo, at any given time, we can apply the results in the 
preceding sections to realize the above logic gates. Again, for 
simplicity, we shall restrict our discussions to one or two input 
variables only. The extension to n input variables is quite obvious. 


10-6-1 SYNTHESIS OF AND GATES 


From the truth table for the AND gate in Table 10-1, we find a net- 
work which produces an output voltage v(t) = E; if, and only if, 
both input signals v,(t) = E, and v2(t) = E,. Otherwise v,(t) = Ep. 
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Observe that this requirement can be satisfied by the coincidence 
gate shown in Fig. 10-13a with veq(t) = E and with the switching 
signal amplitudes also set equal to E. In this case, our two switch- 
ing levels are given by £; = E and Ep = 0. The resulting circuit 
is shown in Fig. 10-17a together with a set of typical input signals 
and the corresponding output signal as shown in Fig. 10-170. 
Notice that if we take the complementary network to the 
AND gate of Fig. 10-17a as shown in Fig. 10-17c,! we still obtain 
an AND gate provided we let the two levels be represented 
by £; = —E and Eo = 0. Notice that the waveforms shown in 
Fig. 10-17d are exactly the negative of the original waveforms in 
Fig. 10-17. Since we are interested only in satisfying the truth table, 
the two AND gates in Fig. 10-17 are equally good realizations. In 
practice, however, sometimes one version is more convenient than 
the other. In order to distinguish between these two alternatives, 
however, it is customary to call the positive voltage version 


Fig. 10-17. Two circuits show- 
ing the complement of a posi- 
tive logic AND gate is a nega- 
tive logic AND gate. 


1This is drawn in accord- 
ance with the complemen- 
tary-network theorem in 
Sec. 7-8. Observe that we 
can either reverse the 
polarities of the two input 
voltage sources or keep the 
polarities but change the 
sign of the original volt- 
age waveforms. We have 
elected to choose the lat- 
ter alternative as shown in 
Fig. 10-17d. 
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1Recall that the comple- 
ments of ideal diodes are 
obtained by reversing their 
terminals; the comple- 
ments of p-n-p (n-p-n) tran- 
sistors are n-p-n (p-n-p) 
transistors; the comple- 


ments of — p-channel 
(n-channel) FETs are 
n-channel _— (p-channel) 
PEs; 


2 This rule is based on the 
usual reference direction 
and polarity as shown in 
Fig. 10-18a. 
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the positive logic AND gate and negative voltage version the 
negative logic AND gate. In fact, in view of the complementary- 
network theorem, it is clear that each of the remaining logic gates 
in Table 10-1 can be classified into positive logic gates and negative 
logic gates, depending on whether the signal waveforms are posi- 
tive or negative. In fact, as a very useful corollary to the comple- 
mentary-network theorem, we can state the following: 


POSITIVE-NEGATIVE LOGIC NETWORK CONVERSION THEOREM 


Any positive (negative) logic gate or combinations of positive 
(negative) logic gates can be converted into a negative (positive) 
logic gate or combinations of negative (positive) logic gates by re- 
placing all nonlinear resistors by their complements,? and by re- 
versing the terminals of all dc voltage and current sources. The 
polarities of all ac sources remain unchanged, but the signs of all 
waveforms are changed to the negative of the original waveforms. 


10-6-2 SYNTHESIS OF OR GATES 


From the truth table in Table 10-1, an OR gate must give a non- 
zero output voltage v, = E; when one or both of the input volt- 
ages are nonzero. The circuit shown in Fig. 10-18a is a simple 
realization of a two-input positive logic OR gate provided £; = 
E> 0 and Eo = 0. In order to verify this realization, we only 
need to find the DP plot seen across the resistor as shown in Fig. 
10-185 corresponding to a typical case ui(f) = E and v(t) = 0. 
Notice that in contrast with the case of a coincidence gate, the 
breakpoint of the DP plot is always equal to the Jarger of the 
breakpoint voltages of the component DP plots. This is why the 
breakpoint voltage of the DP plot of this circuit will never be zero 
as long as one input signal is not zero. The load-line construction 
shows that the circuit behaves exactly as a positive logic OR gate. 
A negative logic OR gate for this case is obtained simply by re- 
versing the terminals of the diodes. 

Logic gates using ideal diodes can often be analyzed by in- 
spection using a few shortcuts which are peculiar to ideal diode 
networks. This is the method of contradiction. It is based on the ob- 
servation that at any time, an ideal diode is either an open circuit 
or a short circuit. It is an open circuit if the voltage across the diode 
is negative, and a short circuit if the current flowing through the 
diode is positive.? In order to prove an assertion by the method of 
contradiction, we first assume that the assertion is not true, and 
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going on this assumption, we try to establish a contradiction. If 
such a contradiction can indeed be established, then our original 
assumption is illegal, and hence the assertion is proved. The con- 
tradiction we seek consists of showing that the voltage across 
a supposedly open-circuited diode is positive. In the case of a 
supposedly short-circuited diode, we seek to show that the current 
flowing through it is negative. To illustrate this method, let 
us verify that the output voltage is equal to E when v,(¢) = E and 
v(t) = 0. This assertion would require that diode D, be a short 
circuit. Hence, let us suppose the contrary and redraw the network 
as shown in Fig. 10-18c with D; replaced by an open circuit. This 
shows that v, = 0 (since no current flows through the resistor R), 
and hence by KVL, vp, = v1 — 0») = E — 0 > 0. But this contra- 
dicts the requirement that an ideal diode is an open circuit only 
if its terminal voltage is negative. This establishes the desired con- 
tradiction, and the assertion is proved. 

With a little practice, it is possible to apply the method 
of contradiction mentally to a large class of ideal-diode logic cir- 
cuits. It must be emphasized, however, that this method is appli- 
cable only for networks all of whose nonlinear elements are ideal 
diodes. If the ideal diodes are replaced by junction diodes, as is 
usually the case in practice, this method no longer applies, and 
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Fig. 10-18. The operation of a 
positive logic OR gate can be 
analyzed by either the graphi- 
cal load-line method or the 
analytical method of contradic- 
tion. 
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Fig. 10-19. A general method 
for realizing a NAND gate and 
a NOR gate consists of cascad- 
ing an AND gate and an OR 
gate with a NOT gate. 
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other more general methods, such as the graphical load-line 
method, must be used. 


10-6-3 SYNTHESIS OF NAND, NOR, AND NOT GATES 


Let us now study how the NAND gate, the NOR gate, and the NOT 
gate in Table 10-1 may be synthesized. An examination of the 
truth tables in Table 10-1 shows that the output of the NAND gate 
is simply the opposite of the AND gate. Similarly, the output of 
the NOR gate is the exact opposite of the OR gate. Hence, these 
gates can be realized by connecting their outputs to some kind of 
an “inverting network” which converts an input voltage of level 
E; to an output voltage of level Eo, or vice versa. But this invert- 
ing network is exactly the NOT gate defined in Table 10-1. The 
above development shows that a NAND gate can be realized by 
cascading an AND gate with a NOT gate as shown in Fig. 10-19a. 
Similarly, a NOR gate can be realized by cascading an OR gate 
with a NOT gate as shown in Fig. 10-195. These two realizations 
are valid provided the loading effects have been taken into con- 
sideration. The basic problem, therefore, consists of realizing 
a NOT gate. 

If we let the two voltage levels be given by E; = E volts and 
Eo = 0 volt, then the output voltage of a NOT gate must be equal 
to E volts when the input voltage is zero, and vice versa. Recall 
that we have already encountered a network with this property, 
namely, the transistor unilateral switch shown in Fig. 10-5. This 
circuit is redrawn in Fig. 10-20a. The collector-to-emitter charac- 
teristics of the transistor corresponding to the two switching volt- 
age levels v; = 0 and v; = E are approximated by the two smooth 
curves as shown in Fig. 10-206. From the intersection between 
these curves with the output load line, we found that when 
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vi(t) = 0, v(t) = E, and when v,(f) = E, v,(t) = 0. The waveforms 
for v1(Z) and v,(t) are, therefore, as shown in Fig. 10-20c. It must 
be pointed out, of course, that these are idealized waveforms. In 
actual transistors, the two idealized curves in Fig. 10-205 will not 
fall exactly on the set of axes, and hence the actual output voltage 
will vary somewhat from the ideal case shown in Fig. 10-20c. 
If the resistor R,; in Fig. 10-20a is chosen to be large enough 
so that the current flowing into the transistor base is not large, then 
we may connect the output terminals of an AND gate or an OR 
gate in place of the voltage source as shown in Fig. 10-20d and e, 
respectively. If the loading effects are negligible, the resulting net- 
works will become a NAND gate or a NOR gate, respectively. Un- 
fortunately, there will always be some loading effects, and this 
must be taken into consideration in any actual design. 
If we recall that one of the characteristics of the FET is its 
almost infinite input resistance, then it is obvious that if we use 
the FET instead of the transistor, the loading effect might be 
negligible. An examination of the characteristic curves of a typical 
FET type 2NXX19 shows that in order to achieve the desired in- Fig. 10-20. A transistor NOT 
verting effect, a bias battery E must be connected in series with gate can be combined with an 


é : : ¢ : _ AND gate to form a NAND gate, 
the input voltage source as shown in Fig. 10-2la. Under this con Sawithenson iarelncnae 
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Fig. 10-21. An alternate reali: dition, Ig = 0 for v1(f) = 0 or v,(¢) = E, as shown by the load-line 

cee is Pais nti construction in Fig. 10-215. Similarly, the output load line in Fig. 

FET to minimize loading ef- 10-2lc shows that v,(t) = E whenever v;(f) = 0, and v,(t) = 0 

fects. whenever v;(t) = E. Since Jg = 0, we can feel confident this time in 
connecting the AND gate in place of the voltage source as shown 
in Fig. 10-21d, where the two batteries (one from the AND gate 
and one from the NOT gate) are replaced by one battery by 
means of the v-shift theorem. The result is, of course, a NAND gate. 
Similarly, a NOR gate is obtained by connecting the output ter- 
minals of the OR gate in place of the voltage source of the NOT 
gate as shown in Fig. 10-2le. Notice that this time we applied the 
v-shift theorem to move the battery E into the “source” terminal 
of the FET in order that all voltage sources would have a com- 
mon ground. This particular feature is a highly desirable one in 
practice. 

There are many other circuits which can be designed to func- 
tion as various types of logic gates. Since their principles of opera- 
tion are all analogous to those discussed in this chapter, we shall 
not labor further on this point. The reader is referred to the prob- 
lems for more alternate circuit realizations. 


Exercise 1: Generalize the definitions of the AND gate, OR gate, NAND gate, and 


NOR gate to include n input variables x1, x2, ..., Xn. Specify the truth table for 
each. 
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Exercise 2: The AND gate and the OR gate defined earlier in Chap. 3 [Eqs. (3-44) 
and (3-45)] have three additional requirements, that is, i; = 0, ig = 0, and v, = O 
whenever v3(t) < 0 or v2(t) < 0. (a) Show why the first two requirements i; = O 
and ig = O are desirable, even though they cannot be exactly attained in prac- 
tice. (6) Show that the third requirement can be approximately satisfied in prac- 
tice by connecting a junction diode at appropriate locations. 


Exercise 3: Without using the complementary-network theorem, verify that the 
circuit shown in Fig. 10-17c is indeed a negative logic AND gate. 


Exercise 4: Verify the properties of the positive logic AND gate in Fig. 10-17a by 
the method of contradiction. 


Exercise 5: Verify the properties of a negative logic OR gate using ideal diodes by 
the method of contradiction. 


Exercise 6: (a) Show that if we apply the positive voltage waveforms v;(f) and v2(2) 
of Fig. 10-175 to the negative logic AND gate in Fig. 10-17c, the result is a posi- 
tive logic OR gate. (6) Show that a negative logic OR gate is obtained if we apply 
the negative voltages v,(t) and v(t) of Fig. 10-17d to the positive logic AND gate 
in Fig. 10-17a. (c) Show that in both cases (a) and (6), the battery E can be re- 
placed by a short circuit. 


Exercise 7: The circuits shown in Figs. 10-20 and 10-21 are all positive logic gates. 
Draw the corresponding negative logic gates and explain their principles of 
operation. 


Exercise 8: Design a NOT gate using an n-p-n transistor type 2NXX17B. Assume 
that E,; = 10 volts and E2 = O. Discuss any disparity between the output wave- 
form and the ideal waveforms shown in Fig. 10-20c. 


10-7 SUMMARY 

Synthesis of electronic switches The basic core of any electronic 

switch consists of one of the following basic components: 

1. A single-controlled switch which can be turned on or off by a 
single switching signal. 

2. A multicontrolled switch which can be turned on or off by a 
combination of switching signals. 


Each switch is unidirectional if it works only for single-polarity 
input signals. Otherwise, it is bidirectional. 


Classification of electronic switches 

1. Series switch 

2. Shunt switch 

Each switch may be a latching type or a nonlatching type. 


Switching sensitivity This is defined as the ratio between the maxi- 
mum amplitude of the input signal and the minimum amplitude 
of the required switching signal in order to ensure satisfactory 
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Fig. P10-1. 
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operation. The smaller the amplitude of the switching signal needed 
to turn on or off a switch, the higher is its switching sensitivity. 


Some applications of electronic switches 

1. Choppers (e.g., Cowan modulator) 

2. Amplitude modulators (e.g., Ring modulator) 
3. Coincidence gate 


4. Transmission gate 


Logic building blocks These include both positive and negative logic 
blocks. The five most basic components are as follows: 


1. AND gate 

. OR gate 

. NAND gate 
. NOR gate 

. NOT gate 


oP WN 


PROBLEMS 


10-1 Consider the series switching circuit configuration shown in Fig. 
P10-1a, where the input voltage v;,(¢) and the switching signal s(¢) 
are given in Fig. P10-1b and c, respectively. 

(a) Find the waveform of the output voltage v,(/). 

(b) Using the results in (a), formulate a simple set of rules for 
determining the output voltage by inspection. 

(c) If the ideal diode is replaced by a junction diode type 
INXX2, find the resulting waveform of the output voltage. 
Compare this with (a). 


s(t) 


0 2 4 6 8 10 12 


R,=1k0 
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10-2 Repeat Prob. 10-1 for the shunt switch configuration, that is, with 
the diode-switching source combination connected across the 
load resistor. 


10-3 Using n-p-n transistor type 2NXX17B, design the single-controlled 
transistor switching circuit shown in Fig. 10-5/ with R, = 150 Q, 
R, = 300 Q, v5 = 8 + 5 cos wt, and E < 0.4 volt [E is the ampli- 
tude of v,(Z)]. 


10-4 Using a p-n-p transistor type 2NXX18B, design an electronic 
switch with R, = 200 Q, Ry = 300 Q, and v; = —5(1 + sin wr). 


10-5 Consider the shunt transistor switching configuration shown in 
Fig. P10-5a where v,(t) and v,(¢) are shown in Fig. P10-5d and c, 
respectively. 

(a) Find v,(2). 

(b) If Rg is increased to 250 Q, find the resulting v,(t). What can 
you conclude? 

(c) Find the minimum value of R, in order for v,(t) in (d) 
to come out right. 

(d) Find the switching sensitivity. 


u; (t) 
R,=400 2 


R,=4002 


ereaty 


(a) 


10-6 Consider the series latching-switch circuit configuration shown in Fig. P10-5. 
Fig. P10-6a, where u,(t) and i,(¢) are as shown in Fig. P10-65 and 


; Fig. P10-6. 
c, respectively. 
(a) Find v,(f) and the switching sensitivity. v, (t), volts 
(b) Repeat (a) for the case where Rz = 100 (2. 

2NXX14 


R,=502 


R,=950 9 


(a) 
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Fig. P10-7. 
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Consider the bidirectional electronic switch shown in Fig. P10-7a. 

(a) Find the TC plot between v, and vu; when x(f) = 0, 5, and 
10 volts. 

(b) If the maximum absolute value of u(t) is 8 volts, find 
the minimum value of x(t) in order for the circuit to func- 
tion as a chopper. 

(c) Find the switching sensitivity of the chopper. 

(d) If x(#) and v,(Z) are given in Fig. P10-7b and c, respectively, 
find v,(f). 

x(t) 


aI aa 0.1 sec 


0 ft, sec 


—5- 


(c) 


10-8 It is often desirable to transmit several unrelated signals through 


the same transmission channel in order to save weight and cost. 
For example, in a certain satellite, only one transmitter was used 
to transmit signals from various sensing instruments for measure- 
ments of pressure, temperature, radiation intensity, cosmic dust, 
etc. In order to accomplish this task using one transmitter, a 
communication system was designed using the time-share multi- 
plex principle, wherein the transmitter takes samples of each 
signal one at a time and repeats this sampling in quick succes- 
sion. If the interval between sampling is short enough, then by 
the well-known Nyquist theorem it is possible to design a re- 
ceiver which will reproduce the desired set of signals satisfactorily. 
The heart of this communications system is nothing but a suit- 
ably designed series of choppers connected as shown in Fig. 
P10-8a. A typical switching signal is shown in Fig. P10-8d. 
(a) If the magnitude of all signals v,(t) does not exceed vinax for 
all time, what must be the relationship between the values 
Ol Vinars ko, ea ee 


(b) Ifthe signals v,(¢), ve(t), . . . , Un(t) are to be sampled in the 
order 1, 2, 3,...,”, sketch the required waveforms of the 
switching signals s3(f), so(t), ... , Sn(d). 


10-9 The circuit shown in Fig. P10-9a is used to provide signals to an 


amplifier from a semiconductor strain gage. The characteristics 
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To 
transmitter 


(b) 
for the strain gage are shown in Fig. P10-9b. For test purposes, 

the gage is attached to a beam and subjected to a strain as shown 

in Fig. P10-9c. 

(a) Plot e,(t) when x(Z) is given by Fig. P10-9d. 

(b) Plot e,() when x(f) is given by Fig. P10-9e. Figs 6109, 


Fig. P10-8. 


500 2 


Strain, win./in. 


} —>- 
20 ¢, msec 


(c) 
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10-10 Consider the two-input, two-output transmission gate shown in 
Fig. P10-10a. Let the controlling signals be as shown in Fig. 
P10-10b and the input signals be as shown in Fig. P10-10c. 

(a) Find the output signals. 
(b) Find the maximum allowable values for x;(t) and x2(¢). 


Fig.P10-10. 10-11 Design a matrix transmission gate to implement the switching 
combinations listed in the following table. It is desired that the 
output signal y(t) be equal to the input signal x(t) whenever the 
switching signals s,(t) assume the value E according to the com- 
binations listed in the table. 


Sy SQ 53 S4 55 Se 
x1 E E E yi 
x2 E E E E ye 
X3 E E E 3 
X4 E E y4 
X5 13; E Vs 
X6 E E E E Ye 
X7 E E E yr 
X8 E E ys 
X9 ES E E Yo 
X10 E E E Yao 


10-12 By an appropriate circuit arrangement of thermistors with differ- 
ent v-i curves at a given temperature (or identical thermistors, 
each heated to a different temperature), it is possible to design a 
wide variety of latching-combination switches. For this problem, 
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consider the circuit shown in Fig. P10-12. Assume that the v-i 
curves of Ri, Re, and R3 are given, respectively, by the NTC 
thermistor (type INXX12) curves corresponding to T = 75, 50, 


and 25°F. 
(a) With the switch S, closed, find the DP plot across terminals 
a-b. 


(b) Find the operating point of the circuit when S3 is closed 
after S; is closed. 

(c) Find the operating point of the circuit when S3 is closed be- 
fore S, is closed. 

(d) What is the effect of closing S3 after both S; and S> 
are closed? 

(e) Describe the effects of the sequence in the closing of Sj, S2, 
and S3 on the circuit performance. Can you suggest some 
practical applications? 


4 kQ 


60 volts == 


Fig. P10-12. 
10-13 Consider the FET circuit shown in Fig. P10-13a. 
(a) If the signals s(t), so(t), and s3(t) are as shown in Fig. 
P10-138, find v,(?). 
(b) What kind of logic functions does this circuit perform? 
Fig. P10-13. 


(c) Can you find an alternate realization using transistors? 


As, (¢), volts 
—30 volts 


R,=30 ko 


2--—— — 
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s,(t) (ge 2NXX19 
ls 


Fig. P10-14. 


Fig. P10-15. 


3-gun 
color TV 
chassis 


10-14 


10-15 


3-state device 


TV tube 
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Consider the string of series transistor and FET circuits shown in 

Fig. P10-14a and b. 

(a) Analyze these circuits and find what kind of logic functions 
they perform. 

(b) Find the remaining circuits in order that both positive and 
negative logic functions can be performed. 


You happen to have an old color TV chassis designed to be used 
with a commercial three-gun color tube. Unfortunately, you do 
not have that tube and cannot afford one. Rather than display 
the three color components simultaneously (as in a three-gun 
tube) you choose to display them sequentially. Assume that you 
have solved all your problems except how to gate the three video 
signals (each of whose amplitudes ranges from 0 to 80 volts) 
sequentially to the grid of the TV tube, such that the appropriate 
color signal is present at the grid when the corresponding color 
filter is passing the face of the TV tube. See Fig. P10-15. 
Your three-state device produces the following outputs versus 
color filters at the tube face (assume that the voltage level E = 
40 volts): 


Output voltage 
Color filters at 


tube face S41 SY So SS 
Red 0 E 0) E 
Blue E 0) 0 E 
Green E 0 E 0) 


Using no more than nine ideal diodes and three linear resistors, 
design the black box N choosing the resistors so as to maximize 
the signal v,(t) without clipping effects. You may represent the in- 
put signals vg(t), va(t), ve(d), $1(4), si(@O, so(t), and s(t) by ideal 
voltage sources. You may also assume that the grid of the 
TV tube does not draw any current. 


Black-and-white 


U, (t) 


Grid of 
TV tube 


10 kQ 


Wheel! with 


6 color filters 
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10-16 The advanced-engineering department has proposed a fire-warn- 
ing system and fire-extinguishing actuator for an aircraft jet 
engine. A fire-detecting thermovoltaic sensor puts out a 1.1-volt 
direct current when the temperature in the engine nozzle exceeds 
600°C. However, the sensor can produce a current of only 1.5 ma. 
The relay that actuates the fire indicator and fire-extinguishing 
system requires 15 ma through its coil before the contacts close. 
In order to prevent spurious closing of the relay, a preliminary 
engineering design suggests a threshold detector that will actuate 
the relay when the sensor output is 1.0 volt or more. Such a de- 
tector is shown in Fig. P10-16a. The circuit is to be designed to 
actuate the relay when the sensor voltage is equal to or greater 
than 1.0 volt. Your job will be to choose R; and Rz so that the 
circuit will operate properly. The Vp-Jp curve of the tunnel diode 
chosen for this circuit is shown in Fig. P10-16b. The input- and 
output-characteristic curves of the transistor are shown in Fig. 
P10-16c and d, respectively. The following information has been 
provided by the preliminary design engineer: (1) The sum of 
R,; and Rez must be greater than the maximum negative resist- 
ance of the tunnel diode. (2) The ratio of R; to R» is selected to 
provide enough base current in the transistor to support the col- 
lector current necessary to close the relay. (3) The maximum rat- 
ings on the tunnel diode are maximum forward current = 5 ma, 
maximum reverse current = 10 ma. (4) The maximum ratings on 
the transistor are maximum collector-to-emitter voltage = 14 
volts, maximum emitter-to-base voltage = 5 volts, maximum col- 
lector current = 200 ma, maximum collector dissipation at 
25°C = 200 mw. (5) Once the relay closes it is not necessary for 
it to open until the sensor voltage reaches zero. (6) The relay coil 
current should remain at relatively low values for sensor voltages 
below 1 volt, but the coil current should jump to 15 ma or 
slightly greater as soon as the sensor voltage reaches 1.0 volt 
(threshold detecting action). With the above information select 
R, and R2 so that the system will operate as desired. 


Fig. P10-16. 


+10 volts 9 tp, ma 


Thermal 
sensor 


td > m 
0 100 200 300 400 500 Vp. mv 


(b) 
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(c) 
Fig. P10-16. (Continued) 
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10-17 An electronic relay can be considered as a two-port black box 
with port 1 used as the relay terminals and with port 2 connected 
to a switching signal s(¢), where s(¢) can be either a voltage or a 
current waveform. 


(a) 


(b) 
(c) 


(d) 


A “normally opened” electronic relay is characterized by 
v1 = 0 whenever s(t) > k 
ni =O whenever s(t) << k 


where k is some prescribed threshold level above which the 
relay closes. Assuming that s(t) is a voltage source, find 
a circuit realization of this relay using two linear controlled 
sources, two ideal diodes, and an appropriate nonlinear 
resistor. 

Repeat (a) for the case where s(f) is a current source. 

A “normally closed” electronic relay is characterized by 


v1 = 0 whenever s(t) < k 
i =0 whenever s(t) > k 


where k is some prescribed threshold level above which the 
relay opens. Assuming that s(t) is a voltage source, find 
a circuit realization of this relay using two linear controlled 
sources, two ideal diodes, and an appropriate nonlinear 
resistor. 

Repeat (c) for the case where s(f) is a current source. 


NOTE: In all cases, assume the signal magnitude across port 1 of 
the relay is bounded by a prescribed range; namely, Emin < 01 < 
Emax and Imin < i1 < Imax. Assume also that the switching signal 
s(t) 1s a continuous function of time. 


11 SYNTHESIS OF RESIST! VE 


11-1 WHAT IS A NETWORK MODEL? 


Most of the analysis and synthesis methods presented in the pre- 
ceding chapters are valid only for networks containing two- 
terminal nonlinear resistors and independent sources. At present, 
there are no general methods available for handling arbitrary net- 
works containing nonlinear controlled resistors and n-terminal re- 
sistors (n > 2). The basic difficulty lies in the fact that these 
nonlinear network elements are characterized by families of curves, 
rather than just one curve, as in the case of a two-terminal resistor. 
In some special cases, it may be possible to represent these curves 
approximately by mathematical equations. Since these equations 
are at best approximations, they are said to be mathematical 
models rather than mathematical characterizations. 

For example, by studying the physical phenomena inside a 
transistor, Ebers and Moll succeeded in deriving the following two 
equations which now bear their names:! 


Tp = Ips(etve8/kT — 1) — aplos(etves/k? — 1) (11-1) 
Io = —aplyg(etVe8/*T — 1) + Icg(et%2/*T — 1) (11-2) 


where Jy and Jg are the emitter and collector currents; Vg and 
Vcpg are the emitter-to-base and collector-to-base voltages; g and k 
are physical constants (representing electron charge and Boltz- 
mann’s constant); T is the absolute temperature; and Jpg, Ics, ar, 
and ay are parameters which depend on the construction of the in- 
dividual transistor and must be measured experimentally for each 
transistor. The Ebers-Moll equations are a very good mathematical 
model of a transistor. For example, the characteristics of a typical 
n-p-n transistor (Fig. 11-1a) are shown by the solid curves in Fig. 
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1 The reader is encouraged 
to read the classic paper, 
J. J. Ebers and J. L. Moll, 
Large Signal Behavior of 
Junction Transistors, Proc. 
IRE, vol. 42, pp. 1761- 
1772, December, 1954. 
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Fig. 11-1. A comparison be- 
tween the experimentally meas- 
ured input- and output-charac- 
teristic curves of a typical com- 
mon-base n-p-n transistor (solid 
curves) and those predicted 
by the Ebers-Moll equations 
(dotted curves). 
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11-15 and c. The corresponding characteristics predicted by the 
Ebers-Moll equations (with the parameters Ips, Ics, ar, and ap 
measured from the same transistor) are shown by the dotted curves 
which are superimposed on top of the experimentally measured 
curves. Notice that the approximation is very good indeed. The only 
significant feature of the actual transistor which was not predicted 
is the slope of the curves. The curves obtained from the Ebers-Moll 
equations are almost horizontal, whereas the actual curves show 
that the slope increases as the curves fan out. 

If a network contains only transistors and diodes for which 
accurate mathematical models are available, then we need only 
write the equations of motion of the network as was done in Chap. 
4 and use numerical techniques to find the solution. Unfortunately, 
most practical devices do not have good mathematical models. In 
such cases, we must find some alternate methods to analyze net- 
works containing these elements. 
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The above difficulty can be overcome if it is possible to 
replace each controlled resistor and each n-terminal resistor in a 
given network by an equivalent black box} containing only two- 
terminal nonlinear resistors, linear elements (such as ideal trans- 
formers, gyrators, rotators, etc.), and sources (independent and de- 
pendent sources). This results in a network whose only nonlinear 
elements are two-terminal resistors. This class of network can be 
analyzed by the iterative piecewise-linear method to be given in 
the next chapter. 

Unfortunately, we do not know of a general method for syn- 
thesizing the equivalent black box described above for arbitrary 
controlled resistors and arbitrary n-terminal resistors. The next- 
best thing that we can do is to find a black box which approximately 
represents these elements. We shall refer to such a black box as 
the network model, or simply the model, of the corresponding 
controlled resistor or n-terminal resistor. 

As an example, suppose the hypothetical controlled resistor 
shown in Fig. 11-2a is characterized by the family of v-i curves 
shown in Fig. 11-2b.£ In order to be able to analyze a network con- 
taining this controlled resistor, we must first synthesize an equiva- 
lent network containing only two-terminal nonlinear resistors, 
linear elements, and sources. Since no method is currently known 
for realizing the curves of Fig. 11-25, we are forced to approximate 
the characteristics of this controlled resistor by the curves shown 
in Fig. 11-2c. 

This family of curves can be realized by the simple network 
shown in Fig. 11-2d, where the v-i; curve of the two-terminal re- 
sistor is shown in Fig. 11-2e. Hence, the network shown in Fig. 11-2d 
is a model of the controlled resistor. Notice that this is a network 
model but not a mathematical model because it is not represented 
by mathematical equations. Since this model does not give an 
exact representation of the curves in Fig. 11-25, the solutions we 
obtain based on this model will only approximate the correct 
solution. Obviously, there is no sense making models unless the 
discrepancy between the resulting solution and the correct solution 
is negligible. Hence, a network model may be interpreted as an 
approximate equivalent circuit. 


Exercise 1: What is the difference between a mathematical model, a network 
model, and an equivalent circuit? 


Exercise 2: What are the relative advantages of a network model and a mathe- 
matical model? 
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{The definition of equiva- 


lent networks in Chap. 7 
requires that an equivalent 
black box must be indistin- 
guishable externally from 
the corresponding con- 
trolled resistor or n-termi- 
nal resistor that it rep- 
resents. 


tA controlled source is used 
here in place of an inde- 
pendent source because 
(as will be shown in the 
following sections) the 
controlling variable usu- 
ally represents some volt- 
age or current in the net- 
work model of an n-ter- 
minal device. 
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Fig. 11-2. An example illustrat- 
ing the network model of a 
hypothetical nonlinear con- 
trolled resistor. 


11-2. PRINCIPLES OF MODEL MAKING 


The basic principles of model making are identical with the 
principles of network synthesis presented in Chap. 8. In fact, model 
making and network synthesis differ only in the ultimate objectives. 
In model making, we have no intention to build the synthesized 
network, and hence the availability of the components to be used 
is of no concern to us. For example, in the model shown in Fig. 
11-2d, there is no need to replace the resistor R by a combination 
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of concave resistors, convex resistors, and a negative resistor 
because we shall never build the network anyway. The purpose of 
this model is simply to convert the controlled resistor into a net- 
work containing two-terminal resistors and sources, so that the re- 
sulting network can be analyzed by the general methods to be pre- 
sented in the next chapter. Hence, we are free to use controlled 
sources, ideal diodes, and any two-terminal nonlinear resistors as 
components in the network models. 

Given a controlled resistor or an n-terminal resistor there are 
generally many distinct models that can be found to approximate 
the resistor’s characteristics. Clearly, different models would yield 
different degrees of approximation. In general, the more com- 
plicated the model, the more accurate is the approximation. How- 
ever, in constructing the model for a given resistor, we must 
always bear in mind that, ultimately, we have to analyze the net- 
work whose controlled resistors and n-terminal resistors are re- 
placed by their models. We do not want to complicate the analysis 
by using a complicated model if we can obtain a realistic solution 
with a simpler model. After all, as engineers, we are only after a 
realistic and practical solution. Very seldom do we need to know 
the exact answer. Hence, it would be foolish to try to use a model 
more complicated than necessary. In this respect, a certain model 
may be perfectly satisfactory when used in one network but may be 
completely unsatisfactory when used with another network. In 
other words, there is no such thing as the “best” model for a 
given controlled resistor or n-terminal resistor unless we are 
referring to the model with respect to a particular network con- 
taining the resistor, and the criteria for evaluating the model are 
specified. 

A question that arises in connection with the choice of models 
is, how do we choose the simplest from among a number of 
models that would yield realistic solutions? It is clearly impossible 
to answer this question in general since much depends on a per- 
son’s engineering judgment and previous experience working on 
networks containing similar elements. It is reasonable, however, to 
start with a fairly simple, if not the simplest, model; if the solution 
turns out to be unrealistic, then we repeat the problem with a bet- 
ter model. It must be emphasized again that should a certain 
model in a certain problem result in an unrealistic solution, it 
does not mean that the method or the theory is wrong. It means 
only that a better model should be chosen for that particular 
problem. 

The network model shown in Fig. 11-2d is a fairly good repre- 
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1In some practical circuits 

such as small-signal am- 
plifiers, the signal is so 
small that a local linear 
model can always be con- 
structed about any operat- 
ing point. Such a model 
is called an incremental 
linear model in order to 
emphasize the fact that it 
is valid only for analyzing 
small-signal circuits. In 
general, the parameters as- 
sociated with the incre- 
mental linear model of a 
given device would vary 
with the location of the 
operating points. 
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sentation of the controlled resistor throughout the entire v-i plane. 
In practice, however, the operating point of the resistor usually 
lies within a small region of the v-i plane. For example, the 
operating point may lie only within the shaded local region shown 
in Fig. 11-25. In this case there is no need to find a model which 
represents the controlled resistor over the entire v-i plane. In fact, 
a model representing the v-i curves shown in Fig. 11-2f is per- 
fectly acceptable even though the curves outside the local region 
are radically different from the actual curves of Fig. 11-25. Indeed, 
by concentrating over a certain region of the v-i plane where the 
operating point is known to be located, we can usually synthesize 
a more accurate model than one that covers the entire plane. 
However, outside the local region the model is unsatisfactory. In 
order to differentiate between these two types of models, we shall 
refer to any model which covers the entire v-i plane as a global 
model. Similarly, we shall refer to any model which covers only a 
region of the v-i plane as a Jocal model. Sometimes, the pertinent 
region of the v-i plane may be small enough that the family 
of curves within this region are parallel straight lines. In this case 
the local model can be represented by a linear network with bat- 
teries. (See Fig. 8-4a.) We shall refer to this as a Jocal linear model. 


11-3. SYNTHESIS OF GLOBAL MODELS FOR 
NONLINEAR CONTROLLED RESISTORS 


We have already shown in Chap. 2 that a controlled resistor is a 
two-terminal resistor having a v-i curve that changes with respect 
to one or more controlling parameters. The controlling parameter 
may be some external voltage or current or it may be some non- 
electrical variable such as temperature, light intensity, or pressure. 
Since most practical, controlled resistors have only one controlling 
parameter x, we shall synthesize models only for this type of con- 
trolled resistor. For convenience, we shall assume that the family 
of v-i curves of the controlled resistor has been approximated by 
piecewise-linear segments. We shall further assume that these 
curves satisfy the following two properties: 


1. All v-i curves are parallel with respect to some straight line a 
through the origin of the v-i plane. By this we mean that the 
corresponding segments of the v-i curves are parallel to one 
another, and the corresponding breakpoints lie along a straight 
line parallel to a. 
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2. All v-i curves are uniformly spaced; that is, if the controlling 
variable x changes by some fixed increment Ax (say,x =..., 
=o Ox — 20x) — Ax, 0, Ax, 2 Ax, 3)Ax,... 1.2 Ax), then th 
current intercept also changes by some fixed increment Ai, and 
the voltage intercept changes by some fixed increment Av. 


Examples of some v-i curves with the above properties are 
shown in Figs. 11-3a, 11-4a, and 11-S5a. Observe that in view 
of property 1, this family of curves can be generated by translating 
the v-i curve corresponding to x = 0 along the straight line a. 
Accordingly, we shall call this curve the v-i curve generator. Observe 
also that in view of property 2, it is possible to use a linear con- 
trolled source to translate the v-i curves by uniform increments. 
Let us consider some special cases: 


1. When a coincides with the v axis. An example of a system of 
v-i curves parallel with respect to the v axis is shown in Fig. 
11-3a. The associated v-i-curve generator is shown in Fig. 11-3. 
The model for this controlled resistor is shown in Fig. 11-3c, 
where the nonlinear resistor R is characterized by the vy-i1 
curve in Fig. 11-3b. The controlling coefficient k, of the con- 
trolled source is given by 


(11-3) 


Fig. 11-3. A family of v-i curves 
parallel with respect to the v 
axis and its model. 


(c) 
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Fig. 11-4. A family of v-i curves 
parallel with respect to the 7 
axis and its model. 


(a) 


Be 
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(c) 


When « coincides with the i axis. An example of a system 
of v-i curves parallel with respect to the 7 axis is shown in Fig. 
11-4a. The associated v-i-curve generator is shown in Fig. 11-4b. 
The model for this controlled resistor is shown in Fig. 11-4c, 
where the nonlinear resistor R is characterized by the v-i-curve 
generator of Fig. 11-4b. The controlling coefficient k; of the con- 
trolled source is given by 


Ai 
(== 11-4 


. When « is an arbitrary straight line. Consider next the case 


where the straight line a makes an arbitrary angle » with 
the vertical axis, as shown in Fig. 11-5a. Observe that if we ro- 
tate the v-i curves by ¢° in the counterclockwise direction or by 
(90 — ¢)° in the clockwise direction, the straight line a becomes 
the 7 axis or the v axis, respectively. Therefore, the model for 
this controlled resistor can be realized by first synthesizing a 
model N of the rotated v-i curves. The complete model is 
obtained by cascading N with a rotator with 6 = —q° or 
6 = (90 — gq)’, respectively, as shown in Fig. 11-5b. 


When a family of v-i curves does not satisfy properties | and 2, 


the above models are no longer valid. However, in most practical 
cases, it is easy to modify these models so that they are valid at 
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least over some region of the v-i plane of interest. This modifica- 
tion can usually be achieved by adding appropriate nonlinear re- 
sistors. The principles behind this are similar to those presented in 
Chap. 8. 


Exercise 1: Show that if the spacing between curves is not uniform, the models 
shown in Figs. 11-3, 11-4, and 11-5 are still valid provided the controlled source 
in each model is allowed to be nonlinear. Construct a simple example to illustrate 
the procedure. 


Exercise 2: The rotator in the model of Fig. 11-54 is used simply for convenience. 
Show that after the model is obtained, the T-network or the z-network realization 
of the rotator can be absorbed with the network, thereby eliminating the rotator. 


Exercise 3: Show that the family of v-i curves in Fig. 11-5a can be transformed 
into the form shown in Fig. 11-3a or Fig. 11-4a with the help of a negative 
resistor. From this, give a model analogous to that shown in Fig. 11-5d. 


Exercise 4: Show that any nonlinear voltage-controlled voltage source described 
by ve = f(v1) can be realized by two /inear controlled sources of the appropriate 
type and one nonlinear resistor. 


Exercise 5: Repeat Exercise 4 for the remaining three types of nonlinear con- 
trolled sources. 


11-4 SYNTHESIS OF GLOBAL MODELS FOR 
NONLINEAR THREE-TERMINAL RESISTORS 


A three-terminal resistor is characterized by two sets of v-i curves. 
Although there are six distinct ways to represent these character- 
istics, they are equivalent in the sense that it is possible to trans- 
form one representation into another representation (see Sec. 3-2). 


g= 
/ / 4 ax 
A / 3Ax 
2 Ax 
Ax 


i 
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Fig. 11-5. A family of v-i curves 
parallel with respect to an arbi- 
trary straight line a and its 
model. 


(a) 
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Fig. 11-6. Any three-terminal 
resistor can be modeled by two 
controlled resistors. 
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There is no loss of generality, therefore, to assume that the input 
characteristics are given in the v1-i; plane with either 72 or v2 as 
the parameter. Similarly, there is no loss of generality to assume 
that the output characteristics are given in the ve-ig plane with 
either i; or v; as the parameter. We shall for convenience denote 
the parameter i2 or v2 of the input characteristics by x;. Similarly, 
we shall denote the parameter i; or v; of the output characteristics 
by X2. 

The simplest way to model a three-terminal resistor is to syn- 
thesize the input characteristics and the output characteristics 
independently by the controlled resistors N; and N2 as shown in 
Fig. 11-6. After Ny and N2 are synthesized, we can usually apply 
the concepts of equivalent networks to further simplify the result- 
ing model. Since the model shown in Fig. 11-6 is completely 
general, the problem of modeling a three-terminal resistor reduces 
to that of modeling controlled resistors. Hence, the principles pre- 
sented in the preceding section are applicable to the modeling of 
three-terminal resistors as well. Let us consider two special but 
quite common cases. 


11-4-1 A BASIC T-NETWORK MODEL 


Consider the two sets of hypothetical v-i curves shown in Fig. 
11-7a and 11-7b. Since these curves are parallel with respect to the 
voltage axis, they can be modeled by the T network shown 
in Fig. 11-7c. The resistor Ry is characterized by the v,-i,-curve 
generator (corresponding to iz = 0) of the input characteristics. 
Similarly, the resistor R2 is characterized by the v2-i2-curve genera- 
tor (corresponding to i; = 0) of the output characteristics. The 
controlling coefficients ky and kz are given, respectively, by 


m2 Av, 


| ce 
oi ING 


(11-5) 
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_ Ay 
VAS 


ke (11-6) 


Although the model shown in Fig. 11-7c is simple enough, the 
presence of the two current-controlled voltage sources (connected 
to a common node) suggests that we might be able to apply the 
v-shift theorem and eliminate one of the two controlled sources. 
However, in order to apply this theorem, the terminal voltage 
across the two controlled sources must be identical. We must, 
therefore, perform some transformation to make this possible. 
First, let us redraw the model of Fig. 11-7c into the equivalent form 
shown in Fig. 11-8a. These two circuits are equivalent because we 
have added and subtracted identical controlled sources to and 
from each of the two controlled sources of Fig. 11-7c. The reason 
for doing this is obvious once we realize that the circuit of Fig. 
11-8a can be simplified to that shown in Fig. 11-85. Observe that 
the controlled source —kyi, of Fig. 11-8a can be replaced by an 
equivalent linear negative resistance —k, (ohms) because the con- 
trolling variable i; is also the current flowing through the con- 
trolled source. Similarly, the controlled source —kyiz of Fig. 11-8a 
can be replaced by an equivalent negative resistance —k, (ohms) 
as shown in Fig. 11-85. 

We can now apply the v-shift theorem to shift the two iden- 
tical controlled sources ky(i; + i) of Fig. 11-8b into the vertical 
branch shown in Fig. 11-8c. Observe that the controlling variable 
(i; + ig) of this controlled source is also the current entering its 
terminals. Therefore, once again we can replace this controlled 
source by a linear resistance ki (ohms) as shown in Fig. 11-8d. 
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Fig. 11-7. A set of three-termi- 
nal resistor characteristics and 
its representation by a T-net- 
work model containing only 
two-terminal resistors and con- 
trolled sources. 
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R, —h,2 h(i, +i,) hk, (i; +i) ne (k,-k, iy R, 


Fig. 11-8. The step-by-step 
procedure for arriving at an 


pila eM UAL et ig We can simplify the model shown in Fig. 11-8d further by re- 
containing, at most, one con- 


lic weceee placing the nonlinear resistor R; and the negative resistance —k; 
with a new nonlinear resistor Rj. Similarly, we can replace 
the nonlinear resistor Rz and the negative resistance —k, with a 
new nonlinear resistor Rj. The resulting T-network model is 
shown in Fig. 11-8e. It is interesting to observe that in the special 
case where ky = ke, this model reduces to a T network without the 
controlled source, as shown in Fig. 11-8. 
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11-4-2. A BASIC 7-NETWORK MODEL 


Consider next the hypothetical v-i curves shown in Fig. 11-9a and 
b. Since these curves are parallel with respect to the current axis, 
they can be modeled by the 7 network shown in Fig. 11-9c. The 
resistor R; is characterized by the v,-i,-curve generator (corre- 
sponding to v, = 0) of the input characteristics. Similarly, the re- 
sistor Rg is characterized by the v-i2-curve generator (correspond- 
ing to v; = 0) of the output characteristics. The controlling 
coefficients k, and kz are given, respectively, by 


Ais 
k =_l oe = 
- Ave ae 2 
Aio 
k =—=_ = 
ong Che 


Although the above model is simple enough, the presence of 
the two voltage-controlled current sources (connected to a com- 
mon node) suggests that we might be able to apply the i-shift 
theorem and eliminate one of the two controlled sources. Hence, 
by a procedure dual to that used in the preceding section, we re- 
draw the model of Fig. 11-9c into the equivalent model shown in 
Fig. 11-10a. This model can be further simplified by observing 
that the controlled source kyv; can be replaced by an equivalent 
resistance of 1/k; (ohms). This is because the controlling param- 
eter v; is also the voltage across the controlled source. Similarly, 
we can replace the controlled source kyv2 by an equivalent resist- 
ance 1/k, (ohms). The resulting model is shown in Fig. 11-105. 
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Fig. 11-9. A set of three-termi- 
nal resistor characteristics and 
its representation by a z-net- 
work model containing only 
two-terminal resistors and con- 
trolled sources. 
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Fig. 11-10. The step-by-step 
procedure for arriving at an 
equivalent a-network model 
containing, at most, one con- 
trolled source. 
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We can now apply the i-shift theorem to shift the two con- 
trolled sources —k,(v1 — ve) into the horizontal branch shown in 
Fig. 11-10c. Observe that the controlling variable (v; — v2) of this 
controlled source is also the voltage across its terminals. There- 
fore, we can replace this controlled source by an equivalent nega- 
tive resistance —1/k, (ohms) as shown in Fig. 11-10d. 

We can simplify the model shown in Fig. 11-10d further by 
replacing the nonlinear resistor R; and the resistance 1/k with a 
new nonlinear resistor Rj. Similarly, we can replace the nonlinear 
resistor R2 and the resistance 1/k, with a new nonlinear resistor 
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R3. The resulting 7-network model is shown in Fig. 11-10e. It is 
interesting to observe that in the special case where ky = ko, this 
model reduces to a 7 network without the controlled source, as 
shown in Fig. 11-10f. 

The above T-network and z-network models are applicable 
to a large class of three-terminal resistors. In particular, any set 
of v-i curves which are parallel with respect to the voltage axis can 
be modeled by a T-network model.! Similarly, any set of v-i 
curves which are parallel with respect to the current axis can be 
modeled by a z-network model. In either case, one controlled 
source at most is required. 

If the characteristics of a given three-terminal resistor are 
more complicated than those considered above, we can often con- 
struct a good model by merely adding appropriate nonlinear re- 
sistors and rotators to the two basic models obtained in this sec- 
tion. Some of the more common techniques for modifying these 
models are given in the next section. 


Exercise 1: Give a geometrical interpretation of the effect of the condition 
ky = kz on the characteristic curves of the T-network model shown in Fig. 11-8/, 
and of the z-network model shown in Fig. 11-10f. 


Exercise 2: Give a systematic procedure for finding the parameters and v-i 
curves of the T-network and the z-network models directly from the given set of 
characteristic curves. 


11-5 SOME USEFUL TECHNIQUES FOR MODIFYING MODELS 


There are many nonlinear resistors whose v-i curves appear only 
in a certain region of the v-i plane. For example, the v-i curves of 
any passive resistor can appear only in the first and third quad- 
rants.2 Since the v-i curves of the various models presented in the 
preceding sections cover the entire v-i plane, it is necessary to 
modify these models so that their v-i curves are constrained to ap- 
pear only in some desired region of the v-i plane. We shall now 
present techniques to implement some of the more basic network 
constraints. 


11-5-1 CONSTRAINING v-i CURVES TO HALF-PLANES 


Any straight line in the v-i plane separates it into two regions, each 
of which is called a half-plane. Suppose it is required to constrain 
the v-i curves of a controlled-resistor model to appear only in a 
half-plane. Since we can always use the rotator to rotate the v-i 
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1If the system of curves is 
not uniformly spaced, the 
model is still valid, pro- 
vided nonlinear controlled 
sources are allowed. 


2Review Sec. 1-9 for the 
significance of passivity. 
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Fig. 11-11. The v-i curves of a 
hypothetical controlled-resistor 
model. 
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(d) 


curves if necessary, there is no loss of generality to assume that 
the half-plane is defined either by a vertical line or by a horizon- 
tal line. Hence, we shall consider only the half-planes v > E, 
v < E,i>TI,ori < I. To be specific, let us suppose the controlled- 
resistor model shown in Fig. 11-lla is characterized by the v-i 
curves shown in Fig. 11-110. 

A simple technique for constraining the v-i curves to the half- 
plane v > E is shown in Fig. 11-12a. The resulting v’-i’ curves 
shown in this figure can be readily verified graphically. We can also 
verify this analytically by observing that since the voltage across 
an ideal diode cannot be positive, vg = E — v’ < 0. But this im- 
plies that v’ > E and the diode can be replaced by an open circuit 
for all v’ > E. Therefore, the v’-i’ curves are identical with the v-i 
curves for v’ > E. It is important to observe, however, that the re- 
sulting v’-i’ curves contain the /ower portion of the vertical line 
v’ = E. Since this portion of the curves need not be present in the 
original v-i curves, the model shown in Fig. 11-12a is generally valid 
only in the region v’ > E. Observe that when E = 0, a special but 
rather common case, the v-i curves are constrained to the right half- 
plane. In order to constrain the v-i curves to the half-plane v < E, 
all we need to do is to reverse the diode terminals as shown 
in Fig. 11-125. 

By dual procedure we can constrain the v-i curves to the half- 
plane i > —I by the circuit shown in Fig. 11-12c. Similarly, by re- 
versing the diode terminals as shown in Fig. 11-12d, we can con- 
strain the v-i curves to the half-plane i < —I. 
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11-5-2 CONSTRAINING v-i CURVES TO QUADRANTS 


We can easily constrain the v-i curves to appear in any quadrant 
by constraining the curves into two separate half-planes. For ex- 
ample, to constrain the v-i curves of Fig. 11-115 to the first quad- 
rant, we first constrain the v-i curves to the right half-plane v > 0 
by diode D; as shown in Fig. 11-13a. This is then followed 
by constraining the resulting v-i curves to the upper half-plane 
i> 0 by diode Dz. Alternately, we can first constrain the v-i 
curves to the upper half-plane 7 > 0, then follow by constraining 
the v-i curves to the right half-plane v > 0, as shown in Fig. 
11-13b. Observe that the only difference between these two models 
is that the v’-i’ curves of Fig. 11-13a contain a portion of the 
v’ axis, whereas the v’-i’ curves of Fig. 11-13 contain a portion of 
the 7’ axis. 
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Fig. 11-12. Techniques for 
constraining v-i curves to half- 
planes. 
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Fig. 11-13. Techniques for 
constraining v-i curves to quad- 
rants. 
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(d) 


By similar procedures, we can constrain the v-i curves to ap- 
pear only in the second, third, or fourth quadrant. For example, 
the circuits shown in Fig. 11-13c and d can be used to constrain 
the v-i curves to the third quadrant. 


11-5-3. CONSTRAINING v-i CURVES 
TO THE FIRST AND THIRD QUADRANTS 


Another common modeling problem is to constrain the v-i curves 
of a given model to appear only in the first and the third quadrants. 
If the v-i curves are symmetrical with respect to the origin, the 
simplest circuit for accomplishing this task is shown in Fig. 
11-14a. To verify that the v-i curves are indeed constrained to 
these quadrants, as shown in Fig. 11-14b, let us apply the v-shift 
theorem to shift the input voltage source v’ into the diode branches 
and observe that when v’ > 0, diodes D, and Dz are short- 
circuited, while diodes D3 and D4, are open-circuited. The opposite 
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case occurs when v’ < 0. In either case, it is impossible to obtain 
points in the second and the fourth quadrants. A careful examina- 
tion of this circuit shows that the diode lattice network plays the 
same role as the switching circuit considered earlier in Fig. 10-1 1a. 
Hence, if the given v-i curves are not symmetrical with respect to 
the origin, they will be transformed into a set of symmetrical v’-i’ 
curves, where the curves in the third quadrant are obtained by 
rotating the curves in the first quadrant by 180°. Another circuit 
must therefore be used in order to constrain a nonsymmetrical set 
of v-i curves to the first and third quadrants. One such circuit con- 
sists of a parallel (series) connection of two separate models. One 
model realizes the v-i curves in the first quadrant by the technique 
shown in Fig. 11-13a (Fig. 11-135). The other model realizes the 
v-i curves in the third quadrant by the technique shown in Fig. 
11-13¢ (Fig. 11-13d). 


Exercise 1: Show a method for constraining the v-i curves to the right of the 45° 
line (v = i). 


Exercise 2: By defining another two-terminal resistor analogous to an ideal 
diode, show that it is possible to constrain the v-i curves to the second or 
the fourth quadrant. Why is it all right for us to define any two-terminal resistor 
that we need for implementing a given constraint without questioning its realiz- 
ability and physical interpretation? 


Exercise 3: Show a method for constraining the v-i curves to the second and the 
fourth quadrants. HINT: See Exercise 2. 
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Fig. 11-14. Techniques for 
constraining symmetrical (with 
respect to the origin) v-i curves 
to the first and third quadrants. 
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(b) 
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1 The controlling coefficient 
p is usually called the 
amplification factor. For 
global models the ampli- 
fication factor may be 
assumed to be a constant, 
even though it actually 
varies slightly from point 
to point. This is because 
when we are dealing with 
large signals, as in global 
models, the small varia- 
tion in p is negligible. 
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11-6 MODELS OF PRACTICAL THREE-TERMINAL RESISTORS 


Let us now apply the principles presented in the preceding sections 
to synthesize models for some of the more common three-terminal 
resistors. Since no new concept is involved, we shall be brief and 
leave some of the details to the problems. Since the models to be 
synthesized in this section will be referred to again many times in 
the future, it is convenient to identify each model by a name. 
Indeed, the present section can be considered as an appendix, 
listing the models of various common three-terminal resistors. To 
enhance its usefulness, we shall first synthesize an accurate global 
model for each three-terminal resistor considered in this section. 
For most practical purposes, these global models are actually 
more complicated than necessary. For this reason, we shall further 
reduce each global model into simpler models. 


11-6-1 VACUUM TRIODE MODELS 


The standard symbol normally associated with vacuum triodes 
is shown in Fig. 11-15a. The input and output characteristics of 
a typical vacuum triode can be represented to a fair degree of 
precision by the piecewise-linear characteristics shown in Fig. 
11-155 and c, respectively. Since these characteristics appear only 
in the first quadrant, we shall first find two simple models whose 
v-i curves agree with the desired input and output characteristics 
in this quadrant. The v-i curves in the remaining quadrants are im- 
material since we shall later forbid any curve from appearing in 
these regions. Clearly, the two simple linear models shown in Fig. 
11-15d and e have a set of v-i curves which agree with the triode 
characteristics in the first quadrant. The controlling coefficients y 
and pw can be computed from the given characteristics by! 


y= ave (from input characteristics) (11-9) 
AVp 
and 
AVp hy. 
es AV. (from output characteristics) (11-10) 
G 


The next step is to constrain the v-i curves so that they appear 
only in the first quadrant. Since the triode v-i curves contain 
a portion of the horizontal axis, we choose the technique of Fig. 
11-13a to modify the models as shown in Fig. 11-15f and g. Com- 
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Fig. 11-15. The step-by-step 
bining these two controlled-resistor models, we obtain our first. Procedure for Srulesiane ca 
triode model A as shown in Fig. 11-16a. ea cog weneiadet 

The typical values for y, Eg,, and Ep, are generally quite 
small and may be neglected for most practical purposes. Hence, 
setting the coefficients y, Eg,, and Ep, in triode model A to Zero, 
we obtain the simpler triode model B shown in Fig. 11-16b. Ob- 
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(6) Triode model B (c) Triode model C 


Fig. 11-16. Three models of a 
vacuum triode. 


serve that the ideal diode D3 of triode model A has also been re- 
moved since it is no longer needed in the absence of the con- 
trolled source yV>. 

The triode model B is still a global model. In practice, the 
vacuum triode is usually operated within the first quadrant. Under 
this condition, we can eliminate the ideal diode D4, whose only 
purpose is to prevent the output characteristics from appearing in 
the second quadrant, and obtain the triode model C shown in 
Fig. 11-16c. Observe that this model is a “local model” because 
for positive values of Vg, the output curves of this model will con- 
tain curves in the second quadrant, and they do not represent the 
actual triode output characteristics. Hence, triode model C is valid 
only if the operating points of the network lie in the first quadrant. 


11-6-2 VACUUM PENTODE MODELS 


The standard symbol normally associated with vacuum pentodes 
is shown in Fig. 11-17a. Although the pentode is a five-terminal 
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resistor, it is usually operated as a three-terminal resistor. The in- 
put and output characteristics of a typical vacuum pentode (with 
Eg, and Eg, fixed by batteries) can be represented to a fair degree 
of precision by the piecewise-linear characteristics shown in Fig. 
11-17b and c, respectively. Since the pentode input characteristics 
are identical with the triode input characteristics, the same con- 
trolled-resistor model shown in Fig. 11-15fis applicable here. 

Since the pentode output characteristics are uniformly spaced, 
and since all breakpoints lie in a straight line corresponding to the 
resistance R,, we can apply the principles presented in Sec. 11-3 
to synthesize an output-characteristic model. Combining this with 
the input-characteristic model, we obtain the pentode model A 
shown in Fig. 11-17d. For most practical purposes, the values of 
y and Eg, are small and may be neglected, in which case we ob- 
tain the simpler pentode model B as shown in Fig. 11-17e. 


(a) 
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Fig. 11-17. Two models of a 
vacuum pentode. 


(c) 


(d) Pentode model A (e) Pentode model B 
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(d) n-p-n transistor model Az 


(e) n-p-n transistor model Bz (f) n-p-n transistor model Cz 


Fig. 11-18. Three models of 
an n-p-n transistor in the com- 
mon-base configuration. 


11-6-3  n-p-n TRANSISTOR MODELS 


The standard symbol normally associated with an n-p-n transistor 
in the common-base configuration is shown in Fig. 11-18a. Its 
input and output characteristics can be represented quite accurately 
by the piecewise-linear v-i curves shown in Fig. 11-185 and c, re- 
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spectively. Applying the principles in Sec. 11-3, we obtain the 
global n-p-n transistor model Ag as shown in Fig. 11-18d.1 The 
controlling coefficients kg and a are given by 


ky — |Avz (from third quadrant of (11-11) 
AVcg| the input characteristics) 
ks | Ale (from first quadrant of (11-12) 
Alp the output characteristics) 


For most practical purposes the values of kg and R, are 
negligible, in which case we obtain the simpler but still very 
realistic n-p-n transistor model Bg as shown in Fig. 11-18e. 

In many large-signal transistor circuits such as multivibrators, 
we can further simplify the above model without introducing 
significant errors. The simplification consists of assuming Ra; ~ 0, 
Ro; = 0, and Re, S oo. Under these assumptions the concave re- 
sistor reduces to an ideal diode in series with a battery, and the 
nonlinear resistor R reduces to an ideal diode in parallel with a 
current source I¢go. The resulting n-p-n transistor model Cg is 
shown in Fig. 11-18 

The parameters associated with models Ag, Bg, and Cg must 
be obtained from the transistor characteristics in the common-base 
configuration. However, the majority of transistor manufacturers 
furnish their transistor characteristics in the common-emitter 
configuration because these characteristics are easier to obtain 
in practice. While it is possible to find the parameters of models 
Ag, Bg, and Cg from the common-emitter characteristics directly, 
the procedure is tedious, and the result is often not very accurate. 
It is more convenient, therefore, to synthesize separate transistor 
models for the common-emitter configuration. 

The symbol and characteristics of a typical n-p-n transistor in 
the common-emitter configuration are shown in Fig. 11-19a to c. 
Applying the principles in Sec. 11-3, we obtain the n-p-n transistor 
model Ag shown in Fig. 11-19d.2 The controlling coefficients kz, 
ko, and B are given by 


peuple AV zr (from first quadrant of (11-13) 
AVcr the input characteristics) 

_ [Alco (from third quadrant of 11-14 
os ive the output characteristics) ( ) 
oe Alc (from first quadrant of (11-15) 

Alz the output characteristics) 
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1The subscript B implies 
that the characteristic 
curves are obtained with 
the transistor in the com- 
mon-base configuration. 


2The subscript E denotes 
the common-emitter con- 
figuration. 
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1,-=6Al 


(e) n-p-n transistor model B » 


(f) n-p-n transistor model Cy 
Fig. 11-19. Three models of an 
n-p-n transistor in the common- 


emitter configuration. For most practical purposes, the values of kp, ko, and R, are 
| Observe that model Cy is Negligible, in which case we obtain the simpler but still very 


nota special case of model realistic n-p-n transistor model By shown in Fig. 11-19e. 
By. It is, however, approxi- In many large-signal transistor circuits we can further modify 
mately equivalent to set- 


ting Ra ~ Oand Ro, ~ o ™MOdel By to obtain the still simpler n-p-n transistor model Cy 
in model Bp. shown in Fig. 11-19f1 
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It is important to observe that because different approxima- 
tions are involved, models Ag, Bg, and Cx are only approximately 
equivalent to models Ap, Bg, and Cg. In many practical problems 
it is useful to find a relationship between a and B and a relation- 
ship between I¢go and Icgo. Since these parameters pertain only 
to the collector v-i curves in the first quadrant, we may re- 
place the diode Dg in models Cg and Cx by open circuits. This al- 
lows us to write the following two KCL equations from models 
Cg and Cg, respectively: 


Ic = Icgo — alg 
= Icgo — of —Uz + Ic)] (11-16) 
Ic = Icro + Bl (11-17) 


Solving for J¢ from Eq. (11-16) and equating it to Eq. (11-17), we 
obtain 


I 
Iczo + blz = ea + eke (11-18) 


Equating the corresponding terms, we obtain 


ge et (11-19) 


re 


_ _/oxo 11-20 
Icro = =n) ( ) 


Conversely, we can solve for a and £ from Eqs. (11-19) and (11-20) 
to obtain 


Icro 11-22 
Icgo = B+) ( ) 


Since B > 1 for most transistors, Eq. (11-22) can be written as 
lIcro ae, BlIcso dg 1-23) 


This equation shows that the current source Toro in the common- 
emitter model plays a much more significant role than the current 
source Ipgo in the common-base model. Because of this, we may 
generally neglect J¢go but not Iczo. 


515 


516 Resistive nonlinear networks 


Alc 


opto] 


(e) p-n-p transistor model B, (f) p-n-p transistor model Cz 


Fig. 11-20. Three models of a p-n-p transistor in the common-base configuration. 
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11-6-4 p-n-p TRANSISTOR MODELS 


By similar procedures, we can construct models for p-n-p transis- 
tors whose symbol is shown in Fig. 11-20a. However, since we al- 
ready have the n-p-n transistor models, we can more easily obtain 
the p-n-p transistor models by applying the complementary- 
network theorem. This consists of interchanging the terminals of 
all nonlinear resistors and independent sources of the n-p-n transis- 
tor models. Hence, for the common-base p-n-p transistor charac- 
teristics shown in Fig. 11-205 and c, we immediately obtain the 
corresponding p-n-p transistor models Ag, Bg, and Cg as shown 
in Fig. 11-20d to f. Similarly, for the common-emitter p-n-p tran- 
sistor in Fig. 11-21a and its characteristics in Fig. 11-21b and c, 
we obtain the corresponding p-n-p transistor models Ag, Br, and 
Cz as shown in Fig. 11-2ld, e, and f, respectively. Clearly, the 
controlling coefficients for the various controlled sources are given 
by the same expressions defined for n-p-n transistors. Similarly, 
the relationships between a, 6, Ic¢go, and Icgo are also given by 
the same expressions derived earlier for n-p-n transistors. 


11-6-5 n-CHANNEL FET MODELS 


The symbol and piecewise-linearized characteristics of a typical 
n-channel FET are shown in Fig. 11-22a to c. Since the input 
characteristics are independent of the output variables [p and 
Vps, it can be modeled by a two-terminal resistor Rg with the v-i 
curve shown in Fig. 11-225. The output characteristics can be 
modeled by one controlled source and two nonlinear resistors. 
The complete n-channel FET model A is shown in Fig. 11-22d. 
The v,-i; curve of Ri is shown in Fig. 11-22e, and the v2-ig curve 
of Re is shown in Fig. 11-22f. The controlling coefficient k is given 
by 


— Alb 11-24 
=a, ey 


11-6-6 p-CHANNEL FET MODELS 


The symbol of a p-channel FET is shown in Fig. 11-23a. The 
characteristics of a p-channel FET differ from the characteristics 
of an n-channel FET only by a negative sign in the variables J, 
Ves, Ip, and Vps. Hence, applying the complementary-network 
theorem once again, we obtain the p-channel FET model A shown 
in Fig. 11-235. 
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(d) p-n-p transistor model A 


(e) p-n-p transistor model By (f) p-n-p transistor model C 


Fig. 11-21. Three models of a p-n-p transistor in the common-emitter configuration. 
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(d) 


Fig. 11-22. An n-channel FET 


Exercise 1: (a) Find all pertinent parameters associated with the triode model A model A. 


for triode type 2NXX22. (5) Sketch the characteristic curves predicted by this 
model, as well as the triode models B and C as extracted from model A. (c) Com- 
pare the accuracy of each model. 


Exercise 2: (a) Find all pertinent parameters associated with the pentode model 
A for pentode type 2NXX24. (6) Sketch the characteristic curves predicted by 
this model and its simpler version given by pentode model B. (c) Compare the 
accuracy of each model. 


Fig. 11-23. A p-channel FET 
model A. 
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Exercise 3: Repeat Exercise 1 for the n-p-n transistor type 2NXX15. 
Exercise 4: Repeat Exercise 1 for the n-p-n transistor type 2NXX17A. 
Exercise 5: Repeat Exercise 1 for the p-n-p transistor type 2NXX16. 

Exercise 6: Repeat Exercise 1 for the p-n-p transistor type 2NXX18A. 


Exercise 7: (a) Find all pertinent parameters associated with the n-channel FET 
model A for the FET type 2NXX19. (b) Sketch the characteristic curves predicted 
by this model and compare with the actual curves. 


Exercise 8: Repeat Exercise 7 for the FET type 2NXX20. 


Exercise 9: Explain why the models for the transistors in the common-base con- 
figuration are different from those in the common-emitter configuration; I.e., they 
cannot be obtained by simply interchanging the base and the emitter terminals. 
How can we reconcile this with our earlier observation that the character- 
istics corresponding to different reference terminals are equivalent, and can be 
derived from one another? 


11-7 SUMMARY 


Classification of models A model can be either a mathematical 
model or a network model. Mathematical models are useful for 
numerical analysis, while network models are useful for qualitative 
and quantitative circuit analysis. For convenience, network models 
usually contain piecewise-linear resistors and linear controlled 
sources. They are ideally suited for the iterative piecewise-linear 
method to be presented in the next chapter. 


Types of network models A network model may be either a global 
model or a local model. A global model must approximate the 
characteristic curves of the device over the entire v-i plane. A local 
model need approximate the curves over only some prescribed 
region of the v-i plane. 


Basic philosophy of network model making A model must always be 
a compromise between simplicity and reality. Some networks may 
require a global model; others may require only a local model. If 
the region of operation is known, as from previous experience, 
then a local model should be chosen. This is because the local 
model (extracted from a global model) is always simpler. We can 
afford, therefore, to increase the accuracy of local models by 
adding “frosting elements” without increasing their complexity to 
unmanageable proportions. 
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Modeling controlled resistors A large class of controlled resistors 
can be modeled by a network containing two-terminal resistors 
and controlled sources. When the curves are uniformly spaced and 
parallel with respect to some axis, the model consists of a nonlinear 
resistor, a linear controlled source, and possibly a rotator. When 
the spacing is not uniform, a nonlinear controlled source may be 
needed. 


Modeling three-terminal resistors |§ Any three-terminal resistor can 
be modeled by an interconnection of two controlled resistors. In 
many cases, a simpler realization can be obtained by choosing 
two basic models: 


1. The T-network model 


2. The z-network model 


PROBLEMS 


11-1 Synthesize a global network model to represent each set of con- 
trolled-resistor characteristic curves shown in Fig. P-11-la to c. 


Fig. P11-1. 


hi, ma 


-0.4, ) v, volts -0.4 2 v, volts 
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11-2 Synthesize a global network model to represent the three-terminal 
resistor characteristic curves shown in Fig. P11-2. 


+ As volts i + 


+ —>v,, volts 
06 08 


0.6 


-—2+ 
= 
Fig. P11-2. 
11-3 Synthesize a global network model to represent the three-terminal 
resistor characteristic curves shown in Fig. P11-3. 
Fig. P11-3. 
we 
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11-4 Synthesize a global network model to represent the three-terminal 
resistor characteristic curves shown in Fig. P11-4. 


bis ma 


—20 


tae a 


& 
S 
Y 2 
Ee & 
< 
Zs ly 
VU. ’ 
1 
ef volts 
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Fig. P11-4. 


11-5 Synthesize a global network model to represent the three-terminal 
resistor characteristic curves shown in Fig. P11-5. 


-15 


10 


Fig. P11-5. 
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11-6 Synthesize a global network model to represent the three-terminal 
resistor characteristic curves shown in Fig. P11-6. 


v,, volts Up, volts 


av 
+-20 
Fig. P11-6. 
11-7 Synthesize a global network model to represent the three-terminal 
resistor characteristic curves shown in Fig. P11-7. 
Fig. P11-7. 


eer 


v, , volts Up, volts 
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Synthesize a global network model for the vacuum tetrode type 
2NXX23. 


Synthesize a global network model for the unijunction transistor 
type 2NXX21. 


Synthesize a global network model for the SCR type 2NXX14. 


Synthesize a global network model for the NTC thermistor type 
INXX12. 


Synthesize a global network model for the PTC thermistor type 
INXX13. 


Modify the global network model obtained in Prob. 11-3 so that 
the resulting characteristic curves are constrained to the first and 
the third quadrants only. 


Modify the global network model obtained in Prob. 11-4 so that 
the resulting characteristic curves are constrained to the first and 
the third quadrants only. 
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1A more rigorous exposi- 
tion of this method is given 
in L. O. Chua, Analysis 
and Synthesis of Multi- 
valued Memoryless Non- 
linear Networks, [EEE 
Trans. Circuit Theory, vol. 
CT-14, no. 2, pp. 192-209, 
June, 1967. 


12-1 BASIC PHILOSOPHY OF THE 
ITERATIVE PIECEWISE-LINEAR METHOD 


The methods of analysis and synthesis presented in the preceding 
chapters are graphical in nature. These methods are simple and 
are applicable to many practical nonlinear resistive network prob- 
lems. Unfortunately, these graphical methods are not general 
enough to handle the more complicated non-series-parallel net- 
works containing one or more nonlinear three-terminal resistors. 
Neither are they applicable to nonlinear networks containing con- 
trolled sources. Because of these limitations, it is necessary that 
more general methods of analysis be found to supplement the 
graphical methods. So far, the most general method of analysis is 
the iterative piecewise-linear method.! This method is applicable to 
any nonlinear network in the canonic form. A network is said to be 
in canonic form if it satisfies the following two assumptions: 


1. All nonlinear elements in the network are two-terminal resistors. 


2. The v-i curve of each nonlinear resistor in the network is 
represented by piecewise-linear segments. 


These assumptions are not as restrictive as they seem to 
indicate. Indeed, if a network is not already in the canonic form, 


we can always transform it into the canonic form. This can be 
done by the following steps: 


Step 1 Apply the principles of Chap. 11 to substitute each three- 
terminal resistor or controlled resistor in the network by a network 
model containing only nonlinear two-terminal resistors, controlled 
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sources, independent source, and other linear elements, such as 
linear resistors, rotators, ideal transformers, NICs, and gyrators. 


Step2 Represent the v-i curve of each nonlinear resistor by piece- 
wise-linear segments. Therefore, without any loss of generality we 
shall, for convenience, assume that all networks in this chapter are 
already in the canonic form. 

The basic philosophy of the iterative piecewise-linear method 
consists of treating a nonlinear network as if it were a number of 
distinct linear networks having identical network topology. Each 
linear network can then be analyzed independently by well-known 
linear techniques. This is possible because by assumption the v-i 
curves of all nonlinear resistors are represented by piecewise-linear 
segments. If we know that corresponding to a given input voltage 
or current, the network is operating at a certain segment of each 
nonlinear resistor in the network, then we can extend the corre- 
sponding segment of each resistor beyond its breakpoint, thus 
forming a new linear network, without affecting the solution of the 
original network. We shall now render this concept more precise. 

Let N be a de nonlinear resistive network in the canonic form. 
Therefore N may contain any number of linear elements (positive 
or negative resistances, rotators, ideal transformers, NICs, gyrators, 
etc.), dc independent sources, controlled sources, and nonlinear 
two-terminal resistors characterized by arbitrary piecewise-linear 
v-i curves (may be multivalued or even disconnected). Let these 
nonlinear resistors be labeled consecutively from R; to Rm, where 
m is the total number of nonlinear resistors in the network. 

Corresponding to each nonlinear resistor Rj, let s; be the num- 
ber of piecewise-linear segments of the associated v-i curve. Let 
«2; = 1/xrj represent the slope (conductance) of segment k of Rj.+ 
Let segment k of R; or its extension intersect the v; and i; axes at 
v; = ,£; and i; = xJ;, respectively. Let segment k of R; be defined 
for all ,E; << uj << EF and for all 65 << ij << elf. Figure 12-la 
shows a typical segment k of R,, illustrating the various symbols 
defined above. Observe that each segment k is completely specified 


by: 

1. Slope of segment k = xg; = 1/n/j. 

2. Voltage intercept of segment k = ,&; or current intercept of 
segment k = xJj. 


3. Interval of definition for segment k, namely, ,Ej < vj < ,EF or 
lj <j < xl}. We shall denote this by ,Dj(v) = (EF.nE}) oF 
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{+ Throughout this chapter, 
the right subscript 7 will 
always refer to the non- 
linear resistor R; and the 
left subscript & will refer to 
segment k of the v;-i; curve 
of Ry. 


528 Resistive nonlinear networks 


Fig. 12-1. The parameters de- 

fining a piecewise-linear seg- : Le AER 

ment and the associated itera- ED) = (15 x1 f). The variable v or i inside the parentheses 
HG TNC SARS DNS. Ag DEIR: indicates whether the interval of definition is along the voltage 


eed or the current axis. 


In view of the above notations, the voltage axis v; of R; is sub- 
divided into intervals, each defining a particular segment. Similarly, 
the current axis i; of R; is subdivided into the same number of 
intervals. Observe that if we restrict the terminal voltage v; and 
terminal current i; to lie within the prescribed intervals of defini- 
tion ,D,(v) and ;,D,(7) for segment k, then R; can be replaced by an 
equivalent linear network as shown in Fig. 12-15 or c. By an 
appropriate choice of values for the parameters x7rj;, ,£j, .g;, and 
xJ;, the linear equivalent networks shown in Fig. 12-16 and c can 
represent any segment of the v;-i; curve. Clearly, there are as many 
sets of parameter values for x7r;, .£;, «g), and ,J; as there are 
segments. Since the equivalent networks of Fig.12-1b and c¢ are 
simply the Thévenin and Norton equivalent circuit for segment / 
of R;, and since there are s; distinct sets of parameters to iterate, 
we shall call the equivalent networks of Fig. 12-1b and c the itera- 
tive Thévenin equivalent network and the iterative Norton equiva- 
lent network, respectively. 

As an example, suppose the v;-i; curve of R; is as shown in 
Fig. 12-2a. Let us tabulate the important parameters of this curve 
as shown in Fig. 12-2b. Notice that this table contains more infor- 
mation than is necessary to plot the v,-i; curve. Indeed, only 
columns 2, 4, and 6 or columns 3, 5, and 7 are needed to draw the 
v;-i; curve. Observe that some entries in the table may assume the 
value zero or infinity. Observe also that there are some entries 
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which are undefined, namely, the intervals ;D,(v) and ¢D,(i). These 
special cases will occur whenever the pertinent segment is either 
vertical or horizontal. It is, therefore, necessary to choose the 
iterative Thévenin equivalent circuit to completely define a vertical 
segment and the iterative Norton equivalent circuit to completely 
define a horizontal segment. 

It should now be clear that if we replace each nonlinear 
resistor in a network N by its iterative Thévenin or Norton equiva- 
lent circuit, the result is a linear network N’ having a topology 
identical with NV. The parameters associated with the equivalent 
circuit of each nonlinear resistor R; clearly depend on the particular 
segment under consideration. If there are m nonlinear resistors, 
each containing s; segments, then there are a total of n segment 
combinations, where 


We S455. ots = Shine Sy, (12-1) 


Since N’ may assume n different sets of parameter values, we shall 
call it the iterative linear network of N. The iterative piecewise- 
linear method to be presented in the following sections is nothing 
more than a systematic analysis of the iterative linear network 
associated with a given nonlinear network. 


Exercise 1: Show that if the v;-i; curve of a resistor R; contains one or more hori- 
zontal (vertical) segments, it can always be converted into an equivalent vj-i; curve 
without horizontal (vertical) segments in parallel (series) with a linear resistor. 
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Fig. 12-2. An example illustrat- 
ing the parameters associated 


with a typical v;-i; 


curve. 


2D; (v) 


(ae Gyn eC zane) 
(ey ona) 
(-2, 2) (4, 8) 
(2, 4) = 
(4,20) | (4, 2) 
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1The reader should recog- 
nize this as a direct appli- 
cation of the equivalent 
operating-point concept in 
Sec. 7-4. 
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Exercise 2: Show that if the v,-i; curve of a resistor Rj contains both horizontal 
and vertical segments, it can always be converted into an equivalent vj-i; curve 
having neither horizontal nor vertical segments by using two linear resistors. 
HINT: See Exercise 1. 


Exercise 3: Show that if a network contains n nonlinear resistors each charac- 
terized by a two-segment u;-i; curve, there are a total of 2” distinct segment 
combinations. 


12-2. DETERMINATION OF OPERATING POINTS 


Before we present the iterative piecewise-linear method in its com- 
plete generality, let us consider the simple network shown in Fig. 
12-3a. For convenience, assume that the nonlinear resistor R, 
is characterized by the multivalued v-i curve shown in Fig. 12-2a. 
We could have immediately obtained the operating points of this 
network graphically as shown in Fig. 12-35. Instead of doing this, 
however, we shall determine the operating points by the iterative 
piecewise-linear method and check the answers with those obtained 
in Fig. 12-3b. 

Consider first an arbitrary operating point, such as Q; of Fig. 
12-3b. Observe that only the segment containing Q, is pertinent in 
the determination of this point. This means that we can substitute 
the v,-i; curve by a straight line formed by segment 2 and its exten- 
sions and still obtain the same solution.! Hence, we can replace the 
resistor R; either by its iterative Thévenin equivalent circuit as 
shown in Fig. 12-3c or by its iterative Norton equivalent circuit as 
shown in Fig. 12-3d. We can next solve for i; and v; from Fig. 12-3c 
to obtain 


oy oe A pe 
= rer (12-2) 
Vy = (Kran + Ey (12-3) 


Similarly, we can solve for i; and v; from Fig. 12-3d to obtain 


= be ba O08, oh ee (12-4) 
1 + (1/xg1) 1+ x21 
(i1 — wl) 
voy = = 
1 ft (12-5) 


Observe that the above expressions for i; and v; are functions of 
the parameters 4/1, .£1, 421, and ;J4. It is necessary to substitute 
appropriate values for these parameters to obtain the actual values 
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Load line ts amp 


Nas ae 


v,=2 volts 


v, , volts 


‘ "eae 
or a = 4.5 volts 


(b) 


(d) 

; : _ Fig. 12-3, An le of th 
for iy and vy at the operating point. For example, we can obtain determination - Reco 
the coordinates of Q, by substituting the parameters in row 2 of _ points ofa simple network con- 
the table in Fig. 12-26 into Eqs. (12-2) and (12-3) to obtain Ue Me seal 


any. 2 ae So a 


or into Eqs. (12-4) and (12-5) to obtain 


ors ease em ema ml ata 


iene ep () 


In either case, we obtain the same answer. However, for this 
particular network, it is easier to use the iterative Thévenin equiva- 
lent circuit of Fig. 12-3c. 
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Observe that we have chosen the parameters pertaining to 
segment 2 in determining Q, because we happen to know from Fig. 
12-3b that Q; lies on segment 2. In general, we do not know the 
pertinent segments associated with the operating points. However, 
it is not essential to know this information. We can always assume 
an arbitrary segment and proceed to calculate the operating point. 
If the result falls within the interval of definition of the assumed 
segment, then it is a valid operating point. For example, our 
assumption for segment 2 yields the point Q;, which falls within 
the intervals of definition 2D (i) = (—3,0) and 2D,(v) = (—3,6). 
We shall denote this fact by the standard mathematical notation 


iy € 2Di(i) (12-6) 
and 
V1 € 2D1(v) (12-7) 


On the other hand, if the resulting operating point falls out- 
side the interval of definition, then we conclude that our assump- 
tion is incorrect and the operating point is inconsistent. For ex- 
ample, had we substituted the parameters pertaining to segment 
1 in Eqs. (12-2) and (12-3), we would obtain 7; = 4.5 and v; = —0.5. 
Since the intervals of definition for segment 1 are ,D;(i) = 
(— 0co,—3) and ,D,(v) = (— 00, —3), this operating point falls out- 
side segment | and is, therefore, inconsistent. We shall denote the 
inconsistency by 


iy € Di (12-8) 
V1 ¢ 1D4(v) (12-9) 


If we iterate the above procedure over all possible segments 
of the v;-i; curve and discard all operating points which are incon- 
sistent, we would obtain the desired set of operating points. Table 
12-1 shows a sample solution for the network of Fig. 12-3a. Ob- 
serve that the values of both i; and v; are calculated and listed in 
this table. In practice, however, as soon as i; is found to be incon- 
sistent with a certain segment, there is no need to calculate 
v1, and vice versa. Instead, we can proceed immediately to the 
next iteration. The variables v; and i; can generally be calculated 
from either the iterative Thévenin or Norton equivalent circuit. 
Observe, however, that for segment 5 it is necessary to use 
the iterative Thévenin equivalent circuit, and for segment 6 it is 
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TABLE 12-1 A sample solution. 
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Segment tD1Q) i, Eq. (12-2) or (12-4) ~Dx(v) vy Eq. (12-3) or (12-5) Consistency 
k=1 (— 0o,—3) a 4.5 ¢ 1D,(i) (— co, —3) Cie (05) ¢ 1D,(v) No 
k=? (—3,0) iy = —0.5 € 2D,(i) (—3,6) Vy = 4.5 € 2Di(v) Yes 
Ke (0,4) iy = 2 € 3D,(i) (—2,6) vy = 2 € 3D,(v) Yes 
t= 4 (4,8) iy = 5 € 4D,(i) (—2,2) vy = —1 € 4D,(v) Yes 
ks (4,8) i = 2 ¢ 5D,(i) = HS 2 No 
=16, — ii = 4 (2,4) vy = O € gDi(v) No 
k=7 (4,00) iy = 2 € Dili) (4,00) v1 = 2 € 7Dx(v) No 


necessary to use the iterative Norton equivalent circuit. The last 
column of Table 12-1 indicates that of the seven iterations, only 
three (k = 2,3,4) operating points are consistent. These points, of 
course, coincide with those obtained in Fig. 12-35. 

The same philosophy can be easily extended to determine the 
operating points of networks containing more than one nonlinear 
resistor. As usual, the first step consists of substituting each of the 
m nonlinear resistors by its iterative Thévenin or Norton equiv- 
alent circuit. This substitution transforms the given nonlinear net- 
work JN into a /inear network N’. Therefore, we can apply any lin- 
ear technique to solve for any variable of interest. The resulting 
solution will be a function of the iterative network parameters 
Kj, KE, KZj, and ;J;. However, regardless of the variables of 
interest, it is necessary to first solve for either the current i; or the 
voltage v; of each nonlinear resistor R;. This is essential because 
these variables must eventually be checked to see whether their 
values are consistent with the assumptions imposed in the next step. 

The next step consists of assuming a certain combination of 
segment numbers of the m v,-i; curves and substituting the param- 
eter values associated with the respective segments into the 
expressions for uv; and ij, 7 = 1, 2,..., m. 

The final step consists of checking the solutions correspond- 
ing to a particular segment combination and determining whether 
the values of v; and i; simultaneously fall within the intervals 
of definition of the respective segments. If this is not so, the 
operating point is inconsistent and must be discarded. We then 
proceed to the next iteration with a new segment combination. 
Since the network may contain more than one operating point, it 
is generally necessary to iterate over all possible segment com- 
binations, that is, a total of n times, where n is as defined in 
Bq Gi2+1)4 


1 For a more efficient method 
which does not require it- 
erating over all segment 
combinations, see L. O. 
Chua, An Efficient Algo- 
rithm for Implementing the 
Iterative Piecewise-Linear 
Method, Tenth Semi-An- 
nual Research Summary, 
School of Electrical Engi- 
neering, Purdue Univer- 
sity, Lafayette, Ind., Janu- 
ary—June, 1969. 
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1 Alternately, we can replace 
R, and Rez by their itera- 
tive Norton equivalent 
circuit. We can also replace 
R, by its iterative Thévenin 
equivalent circuit and R» 
by its iterative Norton 
equivalent circuit, or vice 
versa. A careful choice of 
the equivalent circuit will 
sometimes simplify the 
linear analysis part of the 
procedure. 
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EXAMPLE 


1. Consider the network shown in Fig. 12-4a. The v;-i; curves of 


R, and Rz are shown in Fig. 12-4 and c. Our first step is to re- 
place R; and Rp by their iterative Thévenin equivalent circuits 
as shown in Fig. 12-4d.1 For ease of reference we have tabulated 
the pertinent parameters associated with each segment of the 
v;-i; curve as shown in Fig. 12-4e. 

The next step is to solve for either v; or i; associated with 
R, and Rg». For the circuit of Fig. 12-4d, it is easier to solve for 
iy and ig. Since this network is linear, any linear technique is 
acceptable. The most general method, although not necessarily 
the simplest computationally, is to write the equations of 
motion of the network and solve for i; and ig. The equations 
of motion for this network are 


(6 + lt _ bie — 2) — Ey (12-10) 
= 64 + (7 + xI2)l2 = — E> (12-11) 
Solving for i, and i2, we obtain 

if = a + KI'2)2.5 _ [((7 + 2) KE + 6(,£2)]} (12-12) 
n= + {15 — [6(,.£1) + (6 + K71)KE2]} (12-13) 
where 

A= (6 + xr1)(7 + xre) — 36 (12-14) 


As expected, i; and iz are functions of the parameters ,7; 
and ,£;. Our next step is to substitute values for these param- 
eters corresponding to each segment combination. Since m = 2, 
Si = 2, and se = 2, we have to iterate n = 2(2) = 4 times. For 
simplicity let us denote the combination “segment ky of Ry 
and segment kz of R»” by the notation “segment (ky,k2).” For 
example, segment (1,1) denotes segment | of R; and segment 1 
of Ry. We are now ready to perform the following iteration: 


A= (6 + 1)(7 + 2) — 36 = 27 

iy = Ar{(7 + 2)(2.5) — [7 + 2)(1.5) + 63)]} 
= —%4 amp 

Since 1D,() = (— 0, —1)), 1 ¢ 1D1(i), and hence this solution 

is inconsistent. There is no need to proceed and calculate iz 


since even if ig is consistent, the resulting operating point must 
still be discarded. Let us, therefore, perform our next iteration. 


Segment (1,1): 
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or 


(d) 


We have 
Segment (1,2): A= (64 1)(7 + 1) — 36 = 20 
iy = %o{(7 + 12.5) —[7 + ).-5) + 62)}} 
= —% amp 
Again, i; ¢ 1D3(i), so we proceed to the next iteration, obtaining 
Segment (2,1): A= (6+ 0.5)7 + 2) — 36 = 22.5 


iy = rs{(7 + 2)(2.5) — [7 + 2)(1) + 6B)]} 
= —% amp 


This time we find i; € 2D,(i), and the solution for i; is consist- 
ent. Observe, however, that we cannot conclude that the 
operating point corresponding to this segment is consistent 
until we have checked ie. In fact, we found 


ig = Yh2.5{15 — [6(1) + 6 + 0.5)(3)]} = —%is amp 


and iz ¢ 1D2(i). Therefore, this operating point is also incon- 
sistent. Let us proceed to make our last iteration and obtain 


Segment (2,2): A= (64+ 0.5)7 + 1) — 36 = 16 


iy = Yof{(7 + 1)(2.5) — [7 + 1.0) 
+ 6(2)]} = 0 amp 


Fig. 12-4. The nonlinear net- 
work associated with Example 1 
and its iterative piecewise- 
linear equivalent circuit. 
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Fig. 12-5. The nonlinear net- 
work associated with Example 2 
and its iterative piecewise- 
linear equivalent circuit. 


lvolt 22 
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Since i; € 2D,(i), it is consistent, and we proceed to calculate iz 
as follows: 


ip — Yof15 — [6(1) + (6 + 0.5)(2)]}} = —% amp 


Since ig € 2D2(i), it is also consistent. Out of four possibilities, 
we found only one consistent solution. Therefore, this network 
has only one operating point, that is, 4; = 0 amp and iz = 
—% amp. From these we can easily determine the values of the 
remaining variables from Fig. 12-46 and c; namely, v1 = 1 volt 
and ve = 1.75 volts. 

Observe that the order of the iteration is unimportant. For 
example, we could just as well iterate in the following order: 
segment (2,2), segment (1,1), segment (2,1), and segment (1,2). 
In this case we would obtain a consistent operating point 
in our first iteration. If the network is known to have only one 
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solution, which is the case here, in view of the uniqueness 
theorem in Chap. 5, we need not iterate any further. On 
the other hand, if we do not know beforehand the number of 
possible operating points, such as the network in the following 
examples,! then it will be necessary to iterate over all segment 
combinations. 

. The network shown in Fig. 12-Sa contains a controlled source 
and two nonlinear resistors whose v,-i; curves are as shown in 
Fig. 12-5b and c. Replacing these resistors by their iterative 
Thévenin equivalent circuits, we obtain the iterative linear net- 
work shown in Fig. 12-5d. The pertinent parameters are listed 
in Fig. 12-5e. 

As usual, our first objective is to solve for i; and iz by any 
linear technique. The results of the linear analysis are 


% + (ars) — (kre) + (ers(xre) 
% + %(ur1) — ’(ere) + (xr1)(ure) 


Since m = 2, s; = 3, and sz = 2, we need to iterate six times 
as follows: 


(12-15) 


= 


(12-16) 


i= 


Segment (1,1) Segment (2,1) Segment (3,1) 


Plies: iy = Ks ly = —%7 
¢ 1D1(i) € 2Di(/) ¢ 3Di(i) 
foe OD) 
€ 1D4(i) 
Segment (1,2) Segment (2,2) Segment (3,2) 
He—al.25 iy = % i; = —% 
¢ 1D,(i) € 2D,(i) ¢ 3Di(i) 
in| —0225 
€ 2De(i) 


Out of six possible combinations, only the operating point 
corresponding to segment (2,2) is consistent; that is, i, = % amp 
and ig = —0.25 amp. From these we immediately obtain v; = 
0.167 volt, ve =0.5 volt, iz = 4 amp, v3 = % volt, ig = — 2 amp, 
and v4 = —% volt. 

This example shows that the iterative piecewise-linear 
method is applicable to networks containing controlled sources. 
To show that this method is also applicable to networks con- 
taining linear n-port elements such as ideal transformers, 
gyrators, and rotators, consider the following example. 
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1The following two ex- 
amples, as well as Exam- 
ples 2 and 3 in Secs. 12-3 
and 12-4, involve a certain 
amount of tedious numeri- 
cal calculations and may 
be omitted on first reading 
without impairing the 
understanding of the 
method. These examples 
are presented to bring out 
two aspects of the method: 
(1) Unlike other methods, 
the iterative piecewise- 
linear approach is com- 
pletely general. In partic- 
ular, it is applicable to 
networks containing con- 
trolled sources, ideal 
transformers, NICs, gyra- 
tors, etc. Moreover, it 
can handle networks 
having multivalued operat- 
ing points, DP plots, and 
TC plots. (2) Except for 
the simplest nonlinear 
networks, the method 
should obviously be car- 
ried out on a computer in 
order to be practical. 
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3. The network shown in Fig. 12-6a contains an ideal transformer, 
a controlled source, and two nonlinear resistors whose vj-i; 
curves are as shown in Fig. 12-65 and c. The associated itera- 
tive linear network is shown in Fig. 12-6d, and the pertinent 
parameters are listed in Fig. 12-6e. 

The first step is to analyze the iterative linear network 
shown in Fig. 12-6d. The results are as follows: 


_ 5 — 4GFi1) — 2(.£2) 
- A411) _ 2(xr2) _ 3 
ata (12-18) 


(12-17) 


Since m = 2, sy = 2, Sg = 2,n = 4. Therefore, we must iterate 
four times. 


Segment (1,1) Segment (1,2) Segment (2,1) Segment (2,2) 


i SS i = —!1 iy = —15 y= — 
€ 1Di(4) € 1Di(0) € 2Di(i) € 2Di(i) 
lo = 4 ip = JI 
€ 1D2(i) € 2Do(i) 
The network has, therefore, only one operating point: 4) = 
—1 amp and iz = | amp. From these, we obtain v; = —1 volt, 


V2 = 3 volts, v3 = 2.25 volts, vg = 4.5 volts, and i4 = 0.5 amp. 


From the above examples we can see that the iterative piece- 
wise-linear method is restricted neither by network topology nor 
by the complexity of the v,-i; curves. Indeed, it is applicable to any 
nonlinear network in the canonic form. The procedure can be 
divided into two parts: the first part consists of analyzing a linear 
network, and the second part consists of an iterative procedure. 
For networks containing more than two nonlinear resistors, 
the iterative part can be very tedious and time-consuming. How- 
ever, since nothing more than simple substitution and comparison 
is involved in the iterative process, a digital computer is ideally 
suited for performing the iteration. 


Exercise 1: Verify the operating points obtained in Example 1 by graphical 
methods. 


Exercise 2: Derive Eqs. (12-15) and (12-16) of Example 2. 
Exercise 3: Derive Eqs. (12-17) and (12-18) of Example 3. 


Exercise 4: Give a flow chart and algorithm for implementing the iteration part 
of the method by a computer. 
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hig, amp 


— 1.25 volts 


Fig. 12-6. The nonlinear net- 
work associated with Example 3 
and its iterative piecewise- 


12-3. DETERMINATION OF DP PLOTS linear equivalent circuit. 


Before we show how the iterative piecewise-linear method can be 
extended to determine the DP plot of a nonlinear network, let us 
consider again the simple network of Fig. 12-3a and redraw it as 
shown in Fig. 12-7a by replacing the battery with a pair of driving- 
point terminals. For this simple network the DP plot can be deter- 
mined graphically, and the result is given by the solid piecewise- 
linear curve shown in Fig. 12-7b. 

The first step in the iterative piecewise-linear method is 
to draw the iterative-linear network shown in Fig. 12-7c. Since 
this network is linear, its DP plot is a straight line and can 
be easily obtained by deriving the relationship between v and i. 


(2) el + ae + pe (12-19) 
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a L 12 
+ 

iy 
Y ZNOKS == 
Oem a) 


Fig. 12-7. An example of the 

determination of the DP plot of 

a simple network containing a ; 

multivalued resistor. Corresponding to each set of parameter values for 471 and Fj, 


Eq. (12-19) represents a straight line in the v-i plane. However, only 
a portion of this straight line corresponding to a certain range of 
the driving-point voltage v is valid. This is because beyond this 
range of v, the operating point moves to another segment of Ri, 
and a new set of parameter values must be substituted for ,71 and 
xy in Eq. (12-19). This will lead to another straight line in the v-i 
plane with a new interval of definition. 

If we substitute the parameter values corresponding to all 
seven segments of R, into Eq. (12-19), we obtain seven straight lines, 
each containing a segment of the DP plot obtained earlier in Fig. 
12-7b by graphical methods. This means that if we can find the 
range of values (ax,b,) of the driving-point voltage v for which the 
operating points will remain on segment k of Ry, then the DP plot 
of the network corresponding to segment k is determined by that 
portion of the corresponding straight line which lies within (a;,b,). 
The determination of the pertinent portion of each straight line 
defining the DP plot of the iterative linear network constitutes the 
crucial step in the procedure. 

Since the interval of definition of each segment of the DP plot 
depends on the interval of definition of the corresponding segment 
of the v;-i; curve of Rj, it is necessary to derive the relationship 
between either 7; and v or between v, and v from the iterative lin- 
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ear network. By straightforward linear techniques we obtain the 
following two linear equations: 


why 


1 = v0 — = 
; 1 + Kt 1+ it Cr) 
kI'1 KE 
On v+ = 
: 1+ x1 1+ ir aay) 


Now suppose we want to find the range of v for which the operat- 
ing point will remain on segment 2 of Ry. From the v,-i; curve of 
Ry we obtain a i Fy = 6, 2D,(i) == (—3,0), and 2D4(v) = 
(— 3,6). Observe that segment 2 is defined in the interval 


2rd (12-22) 
Bg Oa: (12-23) 


But i; and v, are related to v by Eqs. (12-20) and (12-21), respec- 
tively. Hence, substituting Eqs. (12-20) and (12-21) for i; and v1 
in Eqs. (12-22) and (12-23), we obtain 
1 ply 
ye 
a 1+ x1 1+ Wi 
are wey 
1+ ki 1 + gr1 


<0 (12-24) 


we <6 (12-25) 


Since Eqs. (12-24) and (12-25) pertain only to segment 2, we can 
substitute 471 = of; = 3 and ,£, = ef; = 6 and obtain 


a a — 4 <0 (12-26) 
—3< w+Rh<6 (12-27) 


Solving for v, we obtain in both cases 
—6<v<6 (12-28) 


Equation (12-28) gives the interval of definition of the driving- 
point variable v for which the network is operating on segment 2 
of R;. Observe that either Eq. (12-20) or (12-21) is sufficient to de- 
termine this information. In fact, it is not necessary to derive i; or 
v, in terms of v; we could just as well derive i; or v1 in terms of 
the driving-point current 7; that is, 
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1Recall that (,£7,.E{) de- 
notes the interval of defini- 
tion of segment k of Ri. 
See Fig. 12-1la. 


Resistive nonlinear networks 


ve (12-29) 
oy = (x11)i + ff (12-30) 


Substituting Eqs. (12-22) and (12-23) for i; and v; in Eqs. (12-29) 
and (12-30), we obtain 


—3<i<0 (12-31) 
33) 6 (12-32) 


Solving for i, we obtain in both cases 
=—3 <1<G0 (12-33) 


Again, either Eq. (12-29) or (12-30) is sufficient to determine the 
interval of definition in terms of the driving-point current 7. 

As a summary, we have shown that there are generally four 
ways to determine the interval of definition of each segment of the 
DP plot; that is, we can solve for i; or vy of Ry in terms of 7 or v 
of the driving-point terminals. In all cases, the equation represents 
a straight line of the form 


X1 = (¢Ai)x + 1h (12-34) 
where 5 = Thy Oe OF 
= 1 Ow 


,f1, and ,K; = functions of parameters ,r; and ;,£; 
If we denote the interval of definition for segment k of Ri by 
pha < Xa <A (12-35) 


then we can substitute Eq. (12-34) for x; in Eq. (12-35) and obtain 
for the case where ,H, > 0 the inequality 


wX_ — Ky RX — 6K 

hy = 78 (12-36) 

If .Hy <0, Eq. (12-36) is still valid provided the inequality 
signs are reversed. This equation combines in one step the various 
substitutions and calculations necessary to determine the interval 
of definition of each segment of the DP plot of Fig. 12-7a. Suppose 
we have chosen to solve for v; in terms of v and have obtained Eq. 
(12-21). Then Eq. (12-36) becomes? 
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KET — [kE1/(1 + xr1)] eres KEY — [xEi/(1 + xr1)] 


w'1/(1 + #11) w1/(1 + xt) Oseth 
We can now substitute the parameters associated with each seg- 
ment of R, to find the corresponding interval of definition from 
Eq. (12-37). The corresponding DP plot is obtained by substituting 
these parameters in Eq. (12-19). The result is tabulated in Table 
12-2. 

Some complication arises in substituting the parameters for 
segments 5 and 6 into Eq. (12-36) because segment 5 is vertical 
and segment 6 is horizontal. It is usually easier to consider such 
special cases separately. 

For segment 5 we go directly to the iterative linear network 
shown in Fig. 12-7d. In this case 5D (v) is undefined, and hence it 
is necessary to solve for i1. 


naa 2 (12-38) 


Substituting Eq. (12-38) into (see Fig. 12-25) 


Asie 8 (12-39) 
we obtain 
6<v< 10 (12-40) 


The associated DP plot can be obtained directly from Fig. 12-7d. 


fkeiepy2 (12-41) 


TABLE 12-2 A sample DP plot solution. 


Interval of definition Equation of DP plot 

Segment Eq. (12-37) Eq. (12-19) 

1 —-0o <vu< —6 v= (4)i — 2 

2 == O60 v= 4i + 6 

3 DREW AS U=i 446 

4 DD NY i= 2i— 6 

2) Gua 0 ey 

6 62 8 a Cl 

oI Si co = 
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For segment 6 we go directly to the iterative linear network 
shown in Fig. 12-7e. In this case ¢D4(Z) is undefined, and hence it 
is necessary to solve for v4. 


he OA (12-42) 


Substituting Eq. (12-42) into (see Fig. 12-25) 


2 Ups (12-43) 
we obtain 
6<v0<8 (12-44) 


The associated DP plot can be obtained directly from Fig. 12-8b. 
<4 (12-45) 


If we plot the data in Table 12-2 in the v-i plane, we would obtain 
the same DP plot shown in Fig. 12-75. 

Let us now extend the iterative piecewise-linear method to an 
arbitrary network N containing m nonlinear resistors, where m > 1. 
It is convenient to represent N symbolically as shown in Fig. 12-8a, 
where the m nonlinear resistors are explicitly drawn outside the 
remaining linear network N’. Our first step is to replace each non- 
linear resistor R; by either its iterative Thévenin or Norton equiva- 
lent circuit. To avoid unnecessary details, let us arbitrarily choose the 
iterative Thévenin equivalent circuit and obtain the associated 
iterative linear network shown in Fig. 12-8. Since this network is 
linear, we can apply any linear technique to solve for the equation 
relating the driving-point voltage v and the driving-point current i. 
This equation can always be written in the form 


po Ri+E (12-46) 


where the two constants R and E are functions of the network 
parameter ,r; and ,£;, 7 = 1, 2,...,m. We have already seen an 
example of this in Eq. (12-19), where m = 1. 

For each combination of parameter values, Eq. (12-46) repre- 
sents a straight line in the v-i plane. Since according to Eq. (12-1) 
there are a total of nm segment combinations, Eq. (12-46) actually 
represents n distinct straight lines. In order to keep track of these, 
it is convenient to let “segment (k1,k2, .. . ,km)” denote the combi- 
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(a) 


nation consisting of segments ky of Ri, ke of Ro,..., and km Of Rn. 
For example, segment (3, 5, 2, 6) denotes segments 3 of Ri, 5 of Re, 
2 of R3, and 6 of R4. 

Since the DP plot is composed of portions of the n straight 
lines, the crucial step in the iterative piecewise-linear method is to 
determine the interval of definition of each segment combination. 
This can be found by the same method described earlier for the 
network of Fig. 12-7a. The only modification being that since there 
are now m nonlinear resistors, the procedure must be applied to 
each of them. This consists of deriving the relationship between 
each current i; or voltage v; in terms of the driving-point current i 
or the driving-point voltage v. Hence, instead of only one equation, 
we obtain m equations having the same form as Eq. (12-34), that is, 


x= (,f1j)x + KK; if == by Ms res ld (12-47) 
where) Xj = Jj OF U; 


i= 1 Or 0 
,H; and ;,K; = functions of parameters ,r; and ;,£; 
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Fig. 12-8. An arbitrary non- 
linear network and its iterative 
piecewise-linear equivalent cir- 
cuit. 
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1In mathematics, the in- 
terval O is called the 
“empty set.” 
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If we denote the interval of definition for segment k of R; by 
KX G < Xj << XG fat, 2320-5. (12-48) 


then we can substitute Eq. (12-47) for x; in Eq. (12-48) and obtain 
for the case where ;,H; > 0 the inequality 
wX5 — KK; pa 
Ls < xc —4+ ee Dome en It (12-49) 
rH; ae rH; J 
Substituting the parameter values corresponding to any seg- 
ment (ky,ko,...,km) into Eq. (12-49), we obtain m distinct inter- 
vals of values of the driving-point variable x; that is, 


Gipc aX < D4 or X € (a1,51) 
a2 <x < be or xX € (ae,be) 


Am <X<bm or — X E (Amsbm) 


(12-50) 


These intervals must be satisfied simultaneously in order for the 
operating points to remain on segments k, of Ri, ke of Ro,..., 
and k» of Rm. This means that if we denote the interval of defini- 
tion of the DP plot corresponding to segment (k1,k2, . . . .Am) by 


Dikiks. ake (12-51) 


then D(k1,k2, ... km) must be given by the largest interval common 
to all m intervals (a;,b;) of Eq. (12-50), namely, 


D(k3,ke, irae Km) >= (a4,b1) ( (a2,b2) Bech ey (GmsDm) (12-52) 


where the symbol ~ denotes the standard intersection operation 
in mathematics. 

In general, for some segment combinations Eq. (12-52) may 
not have a common interval, in which case we shall denote it by1 


Diksha, 28. Kin) 10 (12-53) 


Equation (12-53) means that the DP plot does not contain any 
portion of the straight line corresponding to this particular seg- 
ment combination. For simplicity, we refer to this conclusion by 
saying that segment (k1,k2, ...,km) does not exist. 
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E (c) (d) 


Fig. 12-9. The network for Ex- 
The iterative piecewise-linear method consists of iterating Eq. ample 1 and its DP plot as de- 


(12-52) n times. Let us illustrate this by some numerical examples. "7100 5Y the iterative piece: 
wise-linear method. 


EXAMPLES 


1. Consider the same network as that of Fig. 12-4 but with the 
battery replaced by a pair of driving-point terminals, as shown 
in Fig. 12-9a. The table defining the nonlinear resistors is 
reproduced in Fig. 12-9b for convenience. To find the DP plot, 
we draw the iterative linear network shown in Fig. 12-9c. From 
this we derive the following DP plot equation:1 


on = {(7 + aro0 — (7 + xra)eE1 + 6(.E2)]) (12-54) 
where 
N—=G6 + iC + fo) — 06 (12-55) 


Since m = 2, 51 = 2, Sp = 2, we have to iterate four times. 

However, instead of substituting immediately the parameters 

into these equations, it is advisable to determine first the inter- 1 Observe that Eqs. (12-54) 
val of definition for each segment combination. This is because ne A at Hens we 
. . : : . 1V arlier wi OSS 
some segment combinations may not exist, in which case there yoits in Eqs. (12-12) and 


is no need to substitute the corresponding set of parameters. (12-14). 
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+ Alternately, we can solve 
for v1 and ve in terms of v; 
iz and ig in terms of j; vy 
and ve in terms of i; or 
any appropriate combina- 
tion of these. 
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To determine the interval of definition, let us solve for i4 
and iz of the nonlinear resistors in terms of the driving-point 
voltage vf; thus 


i= + (7 + uroo — (7 + era)eEs + 66E2)]} (12-56) 


— - {6v — [6(.E1) + (6 + x)eE2]} (12-57) 


where A is as defined in Eq. (12-55). 

Observe that these equations correspond to Eq. (12-47), 
where x1 = i, X2 = i2, and x =v. Let us start iterating as 
follows: 


Segment (1,1): A= (64+ 17 + 2) — 36 = 27 


iy = 47{(7 + 2v — [7 + 2)(1.5) + 63)]}} 
= By — 3% (12-58) 


47{6v — [6(1.5) + (6 + HE)} 
= %p — 1% (12-59) 


Since ,D,(i) = (—00,—1), 1D2(i) = (— «,— 1), we obtain 
—o< by —37%< —1 or —o<v< 05 
—oo < Hv — '%< —1 or =o< 0< 05 
The interval of definition for segment (1,1) is, therefore, 
D(,1) = (— 0,0.5) A (— 00,0.5) = (— 00,0.5) 
Segment (1,2): A= (6+ 1)\7 + 1) — 36 = 20 

iy = Bo{(7 + Iv — (7 + D5) + 62} 


i) 


=p — 9% 
ip = Yro{6v — [6(1.5) + (6 + Q)]} 
= Sov — 2% 
Since ,D,(i) = (— c0,—1) and 2D2(i) = (— 1,00), we obtain 


—o < 4%» — %< —1 or —0o <v< 05 
—l< *w — *ho< & or OS <ve oe 
The interval of definition for segment (1,2) is, therefore, 
D(1,2) = (— 0,0.5) A (0.5,00) = 0 
Segment (2,1))} A= (64 0.5)\(7 + 2) — 36 = 22.5 
iy = 2.5{(7 + 2)v — [7 + 2)C) + 6(3)]} 
= %v — % 
iz = 2.5{6v — [6(1) + (6 + 0.5)(3)]} 
=n i = 
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Since 2D,(i) = (— 1,00), 1De(i) = (— 00,—1), we obtain 
—L< %vu—%< © or OS <0 OO 
=o. < isi — 'As< —1 or —o<v< 05 
The interval of definition for segment (2,1) is, therefore, 
D(2,1) = (0.5,00) ~ (— 0,0.5) = 0 
Segment (2,2): A = (6 + 0.5)(7 + 1) — 36 = 16 

ty = Ao{(7 + lv — [7 + 11) + 6(2)]} 


= by = 
ip = Yo{6v — [6(1) + (6 + 0.5)\2)}} 
= Nev — He 
Since 2D,(7) = (— 1,00) and 2D2() = (— 1,00), we obtain 


—l< Yu-’A< © or Oa OO 

—lba nw —'%6 < or Od Tee 06 

The interval of definition for segment (2,2) is, therefore, 
72) == (0.5,00) 7 (0:5,00) = (0:5, 00) 


The above results show that only two of the four segment 
combinations have a nonzero interval of definition. This means 
that the DP plot has only two segments, namely, segment (1,1) 
and segment (2,2). Substituting the parameters corresponding 
to segment (1,1) into Eq. (12-54), we obtain 


Tag te a Me 05 (12-60) 


Substituting the parameters corresponding to segment (2,2) into 
Eq. (12-54), we obtain 


Pa pS ON9 5-7 = 86 (12-61) 


From Egs. (12-60) and (12-61) we obtain the DP plot shown in 
Fig. 12-9d. Observe that when v = 2.5, i = 0. This agrees with 
the operating point of the network shown in Fig. 12-4a. 

At this point it is instructive to go back and read once 
more the general discussion of the iterative piecewise-linear 
method immediately preceding this example. Observe that Eq. 
(12-54) corresponds to Eq. (12-46). Similarly, Eqs. (12-56) and 
(12-57) correspond to Eq. (12-47). Observe also that the above 
iterative computations are actually equivalent to substituting 
the pertinent parameters into Eq. (12-49). For example, corre- 
sponding to Eqs. (12-48) and (12-49), we have 


Wy <A al oy sl, 2 (12-62) 
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Fig. 12-10. The network for 


Example 2 and its DP plot as and 
determined by the _ iterative It K 
piecewise-linear method. I; — _K; klG — KA y 
Mimulel, copie tade shh peed ie? (12-63) 
HH; rH; 


In fact, we could have obtained the intervals of definition by 
substituting into Eq. (12-63) the parameters corresponding to 
each segment combination. For example, for segment (1,1) we 
identify from Eqs. (12-58) and (12-59) the coefficients 1H; = '%, 
1ky = —3%, 1H2 = %, and 1K2 = —'%. Substituting these co- 
efficients with 1D,(7) = (— 00,—1) and ,D2(7) = (— c0,— 1) into 
Eq. (12-63), we obtain 


— co celle) presale Se) or —o <v< 05 
/, Y% 

007 a1 9) OAR Gel ation) or —o <v< 05 
% % 


This result is, of course, identical with that which we obtained 
earlier. Actually, there is really not much saving in manual 
labor by making use of Eq. (12-63). We are doing it here 
primarily to verify the general theory. The real value of the 
general expression is in the writing of a computer program to 
carry out the iteration scheme automatically. 
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2. Consider next the same network as that of Fig. 12-5a but with 
the battery replaced by a pair of driving-point terminals as 
shown in Fig. 12-10a. The table defining the nonlinear resistors 
is reproduced in Fig. 12-10b for convenience. The associated 
iterative linear network is shown in Fig. 12-10c. 

We first solve for i in terms of v to obtain the iterative DP 
plot equation; thus 


i= [b+ 

+ { = +(- - <r ws)| (4 +n) wey + Es |} (12-64) 
where 
a= % + Bars) — (ere) + (erv(kre) (12-65) 


To determine the intervals of definition, we solve for i; and is 
in terms of the driving-point voltage v; thus 


a , — 14 te l2)nl1 a rs | (12-66) 
a al3 


- { — i(- tt wn) (4 ae wre aE a Es || (12-67) 


Equations (12-66) and (12-67) correspond to Eq. (12-47). Since 
m = 2, 81 = 3, and sz = 2, we must iterate six times. The re- 
sulting intervals of definitions are tabulated in Table 12-3, 
together with the DP plot equations of the pertinent segments. 
The corresponding DP plot is shown in Fig. 12-10d. 


TABLE 12-3 Summary of results for defining the DP plot of Example 2. 


Interval of v Interval of v Common 

for which for which interval of Equation of 

iy € ,Di(i) ig € ~De(i) definition DP plot 
Segment Eq. (12-66) Eq. (12-67) D(ky,k2) Eq. (12-64) 
(1,1) (—o,—%) (—o,—4%) (—00,—4) i= *%3v—%3 
a) (— %, 4) (—0o,—1) 0 
(3,1) (4,00) (—0o,—'%) 0 
(1,2) (— 00,4) (—%,0o) (—%,') L606 
(2,2) (4,'%) (— 1,00) (35254) = ey = 8 
(3,2) (1%, 00) (—1%, 00) (1%, 00) Av — ie 


—$———————————— 
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Fig. 12-11. The network for 
Example 3 and its DP plot as 


determined by the iterative 3. Asa final example, consider the same network as that of Fig. 
Sessa dle ital, 12-6a but with the battery replaced by a pair of driving-point 
terminals as in Fig. 12-1la. The table defining the nonlinear re- 
sistors is reproduced in Fig. 12-11b for convenience. The asso- 
ciated iterative linear network is shown in Fig. 12-I1c. 
From the iterative linear network we derive the DP plot 
equation 


i = (40 — (AEs) + 20E2))} (12-68) 


where 


(60 A(x 11) — 2(x12) — 3 (12-69) 
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The equation for determining the intervals of definition are 
found to be 


4 1 


iy =v — L[4Q.Fy) + 2062) (12-70) 
pple =o Ly -- [4G-E1) + 2(E2)] (12-71) 


Since m = 2, s; = 2, Sy = 2, we have to iterate four times. The 
results are tabulated in Table 12-4, together with the pertinent 
DP plot equations. The resulting DP plot is shown in Fig. 
12-11d. 


Exercise 1: Show that the operating points of Examples 1, 2, and 3 of the pre- 
ceding section can be obtained directly from the DP plots obtained in this section. 


Exercise 2: Derive Eqs. (12-64) to (12-67) and verify the results in Table 12-3. 
Exercise 3: Derive Eqs. (12-68) to (12-71) and verify the results in Table 12-4. 


12-4 DETERMINATION OF TC PLOTS 


The iterative piecewise-linear method presented in the preceding 
section can also be used to find the TC plot of any nonlinear net- 
work in the canonic form. As usual, we first draw the associated 
iterative linear network. However, instead of deriving the driving- 
point equation, we derive the specified transfer characteristics for 
the output variable y in terms of the driving-point variable x. This 
can always be written in the form 


otek (12-72) 


where y is either an output current or an output voltage and x is 
either the driving-point current or the driving-point voltage. The 
constants T and K are functions of ,7; and ,£;. Corresponding to 


TABLE 12-4 Summary of results for defining the DP plot of Example 3. 


Interval of v Interval of v Common 

for which for which interval of Equation of 

iy € ~Di(i) ig € xD2(i) definition DP plot 
Segment Eq. (12-70) Eq. (12-71) D(ky,k2) Eq. (12-68) 
(1,1) (— 00,5) (1%, 00) 0 
(1,2) (— 0,4) (—co,1%) (— 00,4) T= io — §% 
(2,1) (5,00) (1%, 00) (1%, 00) i = 4v — 20 
(2) (4,00) (—0co,"%) (4,1%) iS hp = USE 


Eee 0 eee ne, 
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each set of parameter values associated with a segment combina- 
tion, Eq. (12-72) represents a straight line in the transfer plane 
y versus x. Since there are n combinations, where n is defined by 
Eq. (12-1), there are, accordingly, n straight lines, and the TC plot 
is made up of portions of these straight lines. Just as for DP plots 
the crucial step here is to determine the interval of definition for 
each segment of the TC plot. 

Since the TC plot is simply the locus of operating points of 
the desired output variable plotted as a function of the driving- 
point variable i or v, the intervals of definition can be determined 
by exactly the same method discussed in the preceding section for 
DP plots. 


EXAMPLES 


1. Consider the network shown in Fig. 12-9 again, but this time 
let us determine the TC plot between v2 and v. Instead of de- 
riving the driving-point equation between i and v, we solve for 
V2 Versus v; thus 


v2 = [4 6are) |v — 4 oraN6QEs) + (6 + wade] + nEe 
(12-73) 
where A is defined earlier in Eq. (12-55). 

To find the interval of definition, we must derive the rela- 
tionships i; versus v and /2 versus v. Since this involves the same 
procedure used in determining the intervals of definition of the 
DP plots, Eqs. (12-56) and (12-57) are applicable here, and the 
same intervals of definition will result, namely, 


Segment (1,1): DA, 1): = =co,0;3) 
Substituting the parameters of segment (1,1) into Eq. 
(12-73), we obtain 
Vo = %v + 
Segment (2,2): DQ;2) =O) 


Substituting the parameters of segment (2,2) into Eq. 
(12-73), we obtain 


Ve = *v + '%6e 
The resulting TC plot is shown in Fig. 12-12. 


2. Consider the network shown in Fig. 12-10a again, but this time 
we want the TC plot v, versus v. The equation relating vu, 
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versus v is derived from the iterative linear network of Fig. 
12-10c. 


g abliaton ali 
bo =~ [-5 + 40) + = 


{[3(xr2) + 8)-E1 + [5 — 4(ers)|kH2} (12-74) 
where a is as defined in Eq. (12-65). 
Again, the intervals of definition for this TC plot have al- 
ready been found in Sec. 12-3 as tabulated in Table 12-3. 


Segment (1,1): D(Q,1) = (—«,—4) 


Substituting the parameters for segment (1,1) into Eq. 
(12-74), we obtain 


Us = Sav — 2%3 
Segment (1,2): D(,2) = (—4%,%) 


Substituting the parameters for segment (1,2) into Eq. 
(12-74), we obtain 


Up = — vu — 1% 
Segment (2,2): D2). =5;1%) 


Substituting the parameters for segment (2,2) into Eq. 
(12-74), we obtain 


Uo = ¥v — 7H%2 
Segment (3,2): D(B,2) =C34500) 


Substituting the parameters for segment (3,2) into Eq. 
(12-74), we obtain 


Vo = You + Ms 
The resulting TC plot is shown in Fig. 12-13. 
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Fig. 12-12. The TC plot for 
Example 1. 
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v, volts 


col 


Slope = — 


Fig. 12-13. The TC plot for 
Example 2. 


3. As a final example, consider the network shown in Fig. 12-11 
again, but this time we want to find the TC plot v, versus v. We 
can derive this relationship from the iterative linear network 


to =[—-42 + vre)]o+ + (2 + wa AQEr) + UeEa))) + aE 


(12-75) 
where a is as defined in Eq. (12-69). 
The intervals of definition for this TC plot have already 


been found in Sec. 12-3 as tabulated in Table 12-4. Thus 
we have 


Segment (1,2): D(1,2) = (—0,4) 


Substituting the parameters for segment (1,2) into Eq. 
(12-75), we obtain 


Do = = hie 
Segment (2,1): D2) = Cre) 


Substituting the parameters for segment (2,1) into Eq. 
(12-75), we obtain 


Uo = — lov + 84 
Segment (2,2): DQ,2) ="(4,"%) 


Substituting the parameters for segment (2,2) into Eq. 
(12-75), we obtain 


Uo = —4v + 18 
The resulting TC plot is shown in Fig. 12-14. 


Iterative piecewise-linear analysis and synthesis of resistive nonlinear networks 


From the above examples, it is clear that the only difference 
between the iterative piecewise-linear method for determining DP 
plots and TC plots is in the choice of the output variable. The out- 
put variable for DP plots is by definition located at the driving- 
point terminals, whereas the output variable for TC plots can be 
located anywhere. In fact, we can actually consider DP plots as 
special cases of TC plots. Observe also that the crucial step 
involving the determination of intervals of definition is independ- 
ent of whether we are solving for a DP plot or a TC plot. As 
a consequence of this, we can conclude that the DP plot and the 
TC plot of any network (as a function of the same driving-point 
variable) must have the same number of segments. 

It is important to realize that the iterative piecewise-linear 
method can be implemented in two parts. The first part involves 
a solution of network equations for the iterative linear network. 
This can be obtained by any convenient linear technique. The 
second part involves the iteration and comparison procedures over 
all possible segment combinations. The first part is conceptual, 
while the second part is mechanical. It is obvious, therefore, that 
the second part could be easily implemented by a computer, 
thereby avoiding the tedious part of the method. 


Exercise 1: Derive Eqs. (12-73) to (12-75). 


Exercise 2: Show that the procedure for deriving DP plots can be considered as 
a special case of the procedure for deriving TC plots. Give the flow chart 
and algorithm for implementing the iteration part of the method by a computer. 


Exercise 3: Show why the iterative piecewise-linear method is valid for determin- 
ing the operating point, DP plot, and TC plot of any nonlinear resistive network 
in the canonic form. 


4%» volts 


Example 3. 
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Fig. 12-14. The TC plot for 
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Exercise 4: Show that in order to avoid using different equivalent circuits due to 
the presence of nonlinear resistors with vertical and horizontal segments, it 
is possible to replace these resistors by equivalent resistors having neither 
vertical nor horizontal segments. 


Exercise 5: Show that the solution of any ac-resistive network containing only one 
ac voltage source or one ac current source can be easily found by the iterative 
piecewise-linear method. NOTE: The network may contain any number of dc in- 
dependent sources and controlled sources. 


12-5 COMPUTER ANALYSIS OF RESISTIVE NONLINEAR NETWORKS 


The iterative piecewise-linear method is the most general method 
currently available for analyzing arbitrary resistive nonlinear net- 
works in the canonic form. This method has three significant ad- 
vantages over the numerical techniques described earlier in Chap. 4. 
First, whereas most numerical techniques are applicable only to 
networks with unique solutions, the present method is applicable 
to multivalued networks. Second, it is often impractical to derive 
the nonlinear equations describing the network before numerical 
analysis can be undertaken; however, it is always possible to de- 
rive the equations for the iterative piecewise-linear method. Third, 
a numerical technique may or may not converge, but the iterative 
plecewise-linear method will always give all solutions at the end 
of the iteration, even though it may take a great many iterations 
for complex networks. Perhaps the only disadvantage of the present 
method is that the computer time could be excessive for a network 
containing many nonlinear resistors. It is hopeful, however, that 
this disadvantage will soon be overcome by more efficient book- 
keeping techniques for eliminating a large number of inconsistent 
segment combinations. 

Two general user-oriented computer programs for implement- 
ing the iterative piecewise-linear method have been developed and 
can be obtained from the author. Since no programming back- 
ground is assumed of the reader, we shall describe these two pro- 
grams only from the user’s point of view. The details of the pro- 
grams are available in separate reports. 


12-5-1 SEMIAUTOMATIC GENERAL ANALYSIS PROGRAM} 


In this approach the user must first perform a linear network 
analysis and derive all pertinent equations needed for determining 
the operating point, the DP plot, and the TC plot. This cor- 
responds to the first part of the iterative piecewise-linear method. 
The second part of the method is taken over by a general analysis 
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program which will automatically perform all iterations needed. 
The input to this program consists of (1) the equations derived from 
part 1 and (2) the slope, intercept, and interval of definition 
of each segment of the nonlinear resistors. The output of the pro- 
gram will give the operating points and the DP plot or the 
TC plot, whichever is called for. This method is semiautomatic be- 
cause the user must do part of the work. For complex networks 
even this step could be quite time-consuming. It has the advan- 
tage, however, that once the pertinent equations have been derived, 
we can change the v-i curves of the nonlinear resistors and ask for 
the solution without rederiving any equation. Hence, this approach 
is particularly well-suited where a detailed qualitative and quanti- 
tative analysis of networks having identical topology, such as 
a bridge network, is desired. In fact, because the equations are 
functions of the parameters defining the nonlinear resistors, the 
effect of parameter variations on the network’s performance can 
be determined. Because the program is not completely automatic, 
it can be kept to a small size, and hence does not require a very 
large computer. Moreover, the computation time is relatively 
short. 


12-5-2. COMPLETELY AUTOMATIC MECA PROGRAM1 


In this approach the user does not have to derive a single equa- 
tion. Only the network connection diagram and the element char- 
acteristics need be specified. The basic technique consists of solv- 
ing a linear network with numerical parameters many times. In 
other words, instead of assuming symbolic parameters such as 
xv; and ;,£;, the numerical values of the parameter for each segment 
combination are assumed from the outset, leaving a linear network 
whose solutions can be easily obtained. Since the computer is very 
fast, for circuits of moderate complexity, we can afford to repeat 
the analysis as many times as there are segment combinations. 

The computer program currently available for the completely 
automatic case is called Meca. It is an acronym for multivalued 
electronic circuit analysis program. 

As an example of the use of this program, consider the net- 
work shown in Fig. 12-15a. This circuit is called the Schmitt trig- 
ger and is one of the most commonly used nonlinear circuits in 
practice. The usefulness of this circuit can be seen by deriving the 
Uo-VS.-Uv; TC plot from the collector of transistor 72 to the base of 
transistor 7). For most practical purposes the two transistors are 
usually identical. 
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Fig. 12-15. The TC plot of the Schmitt trigger can be obtained automatically by using the Meca program. 
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In order to use the Meca program, we must first recast the 
Schmitt trigger circuit into the canonic form by substituting a net- 
work model for each of the two identical transistors. For this ex- 
ample, we have chosen the n-p-n transistor model Cg from Chap. 11. 
The two parameters needed in this model were obtained directly 
from the characteristic curves of the transistors used in the actual 
circuit. The resulting model is shown in Fig. 12-15b with Vago = 0.2 
volt and J¢zgo = 1 ma. Substituting this model in place of the two 
transistors, we obtain the Schmitt trigger circuit in the canonic 
form as shown in Fig. 12-15c. Once this is done, the next step is to 
label all nodes and elements with numbers in any arbitrary order. 
These labels are used only for describing the connection diagram 
to the computer. For example, the position of a nonlinear resistor 
R; is simply specified by the label of the nodes across which R; is 
connected. The location of a current-controlled current source is 
specified by the label of the nodes across which the controlled 
source is connected and the label of the element whose current is 
the controlling quantity. In other words, only the minimum amount 
of information needed to specify the circuit unambiguously is re- 
quired by the Meca program. We may liken this to composing the 
shortest possible telegram for describing a network connection dia- 
gram so that the receiver may be able to reconstruct the network 
without ambiguity. With this minimum amount of information as 
the input, the v,-vs.-v; TC plot is automatically computed by the 
Meca program, and the result is printed out in the form of a 
piecewise-linear curve, such as that shown by the solid curve in 
Fig. 12-15d. As a comparison, the actually measured TC plot 
is shown by the dotted curve in the same figure. Notice that except 
in the vicinity of the two breakpoints, the two TC plots are iden- 
tical for most practical purposes. This observation should convince 
the reader of the validity of the models chosen. 

From this TC plot we observe that the collector output volt- 
age v,(t) will jump from 6.4 to 10 volts whenever the input voltage 
v(t) increases beyond 4 volts. When this voltage is then decreased, 
the output voltage remains at 10 volts until v;(t) decreases below 
3 volts, at which time the output drops back to 6.4 volts. Since the 
forward and reverse critical voltages, called the trigger voltages, 
are not equal to each other, this circuit is said to possess a 
hysteresis property. An example of this property is clearly shown 
by the pair of input-output waveforms shown in Fig. 12-15e. 
Notice that by controlling the length of the hysteresis gap, a non- 
symmetrical square wave can be easily generated. In fact, one 
common application of the Schmitt trigger is converting a sinus- 
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oidal wave into a square wave. The Schmitt trigger circuit has 
many other applications in the field of instrumentation and con- 
trol. Most of these applications are based on the two-distinct- 
level property of the TC plot, which makes it a very good thresh- 
old detector. 


12-6 TC PLOT SYNTHESIS BY THE PIECEWISE-LINEAR METHOD 


Several graphical methods were presented in Chap. 8 for realizing 
a prescribed TC plot. We shall now show that some of these 
methods can be more easily implemented using the piecewise- 
linear method. Moreover, the effect of the element parameters on 
the resulting TC plot can usually be derived in exact analytic form. 
Another advantage of the piecewise-linear synthesis method is that 
since specific formulas can be derived, it is more amenable to a 
digital computer solution. 


12-6-1 TC PLOT SYNTHESIS BY NONLINEAR VOLTAGE DIVIDERS 


Any prescribed TC plot can be synthesized by the two nonlinear 
voltage-divider networks shown earlier in Fig. 8-15. It suffices for 
us to consider the case where Rz is the nonlinear resistor. Repiac- 
ing Re by its iterative Thévenin equivalent circuit, we obtain the 
circuit shown in Fig. 12-16a. As usual, the value of the linear re- 
sistor R; can be arbitrarily chosen and can therefore be assumed 
as given. Our problem is to specify the piecewise-linear v2-i2 curve 
for Re. An examination of the circuit in Fig. 12-16a shows that since 
there is only one nonlinear resistor, the TC plot of this network 
must have exactly the same number of segments as that of Re. This 
follows because each segment combination of the iterative piece- 
wise-linear method consists of only one segment, and hence there 
is always a nonempty common interval of definition. Furthermore, 
since Vy = v2 in this circuit, the coordinate of ve at each breakpoint 
of the vg-ig curve for Re must be identical with the coordinate of 
the output voltage v, of the corresponding breakpoint of the pre- 
scribed TC plot. Hence, given an arbitrary TC plot as that shown 
in Fig. 12-165, we can immediately determine the interval of 
definition for each segment of the v-i2 curve by aligning the 
iz axis with the v; axis of the TC plot as shown in Fig. 12-16c. It 
remains for us, therefore, to find the value of x72 and ;,£2 for each 
segment of the v2-ig curve over each interval of definition. 

The equation describing each segment k of the TC plot of the 
voltage-divider network in Fig. 12-16qa is easily derived as 
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kre Ry 


Vg = >—— J; + ————_ 
© ORL gran aR ers 


nE2 (12-76) 


Denoting the slope and intercept of segment k of the prescribed 


TC plot by m; and ;,£,, we obtain the equation of segment k as 
follows: 


Vo = Myvi + KE 


(12-77) 


vs 


Segment k+3 


ty 
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Fig. 12-16. The synthesis of a 
nonlinear voltage-divider net- 
work with a prescribed TC plot 
by the piecewise-linear method. 
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Since Eqs. (12-76) and (12-77) describe the same TC plot, the re- 
spective coefficients must be equal to each other, that is, 


kl2 
eee) (12-78) 
Ry + kfe i 
RiGE2) = ,E, (12-79) 
Ry + xre 


Solving for 472 and ,£2 from Eqs. (12-78) and (12-79), we obtain 


Rym, 


Wo = (12-80) 
| = Mk 
rEo 
= 12-81 
coo ee (12-81) 


Equations (12-80) and (12-81) specify the values of xr2 and ,£» for 
each segment k of the v-i2 curve directly in terms of Ri, mz, and 
xEo. These, together with the intervals of definitions obtained 
earlier, completely specify the required v2-i2 curve. From Eq. (12-80) 
we find that ,r2 > 0 if, and only if, 


Oi! (12-82) 


provided R; > 0. This confirms our earlier observation in Sec. 
8-4-1 that the v2-v2 curve for R2 is monotonically increasing if, and 
only if, the slope of each segment of the prescribed TC plot 
is positive and less than unity. If Eq. (12-82) is not satisfied, the 
Uo-ig Curve will either be nonmonotonic or multivalued. 


EXAMPLE 


Suppose the prescribed TC plot is given by Fig. 12-l6d. The 
pertinent parameters are segment 1, m, = %, 1£, = —22 volts; 
segment 2, mz = %, 2F, = 0 volt; and segment 3, m3 = %, 3E, = 
22 volts. To determine the v2-ig curve of Re in order to realize this 
TC plot, let us choose (arbitrarily) R; = 100 Q and substitute 
these parameters into Eqs. (12-80) and (12-81). The corresponding 
results are given by segment 1, 172 = 20 Q, ;£2 = —26.4 volts; seg- 
ment 2, ore = 80 Q, 2F2 = 0 volt; and segment 3, 3r2 = 20 Q, 
3E2 = 26.4 volts. The v2-i2 curve corresponding to these param- 
eters is shown in Fig. 12-16e. Notice that the breakpoint voltages 
of both the vj-vo TC plot and the corresponding ig-ve curve 
are identical. 
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12-6-2 JOINTLY PRESCRIBED DP PLOT, 
TC PLOT, AND LOAD v-i CURVE SYNTHESIS 


We are now in a position to derive the lattice network synthesis 
theorem which was presented earlier in Sec. 8-5 without proof. In 
order to apply the iterative piecewise-linear theory, the prescribed 
DP plot, TC plot, and load v;-i, curve are assumed to be approxi- 
mated by piecewise-linear segments. Hence, each segment / of the 
Uo = T(v) TC plot can be described by 


Vo = mp + E; a; <0 < 6; i be Paes Wy ) (12-83) 


where m; and E; are the slope and voltage intercept of segment /, 
and (a;,§;) is the corresponding interval of definition. Similarly, each 
segment j of the 7 = g(v) DP plot can be described by 


i=gut+i a<v< Bh j=l,2,...,7 (12-84) 


where g; and J; are the slope and intercept of segment j and 
(aj, 6) is its interval of definition. Notice that both Eqs. (12-83) and 
(12-84) involve the same independent variable v. As will be obvious 
soon, it is desirable that the third specification, namely, the load 
characteristic i, = gz(uz), also be expressed in terms of this com- 
mon variable v. This can be easily done because vy, = vy = Tv), 
and hence, this specification can be recast into an equivalent load 
specification i; = gi(T(v)) by a simple graphical composition be- 
tween the load v,-i, curve and the TC plot. Let this composition 
be done, and let each segment j of the resulting piecewise-linear 
curve be described by 


Mi Gh tele lap e <BY Nj SN 2yoe, n’” ~/ (12-85) 


where ;K, and j/;, are the slope and intercept of segment / of this 
curve and (a,8/) is its interval of definition. 

Since Eqs. (12-83) to (12-85) are obtained from the specifica- 
tions, they can be considered given at the outset as an equivalent 
form of specification. Our problem is to derive the design equa- 
tions for finding the resistors R4 and Rg of the symmetric lattice 
network given in Fig. 8-17a. Replacing these resistors by their 
iterative Thévenin equivalent circuit, we obtain the circuit shown 
in Fig. 12-17. Observe that since the two resistors in the series 
arms are identical, they are described by the same parameters jr1 
and ;E£,. Similarly, the two resistors in the shunt arms are de- 
scribed by jr2 and ;£2. Our problem consists of two parts: (1) we 


565 


566 Resistive nonlinear networks 


Fig. 12-17. The iterative piece’ = st determine the number of segments of R4 and Rg and the in- 
wise-linear equivalent circuit 


associated with the symmetric terval of definition for each of these segments, and (2) we must de- 
nonlinear lattice network. termine the values of jr1, ;E1 for R4 and jre, ;E2 for Rp. 

To determine the number of segments of R4 and Rg, let 
us consider the special case first where n = n’ = n’”, and where the 
intervals of definition (a;,8;), (aj,8)), and (a/,87) are identical for 
each segment j; namely, 


ee A (12-86) 
Re emerge (12-87) 


Under these conditions, the three piecewise-linear curves de- 
scribed by Eqs. (12-83) to (12-85) will have the same set of break- 
points. This means that at each value of v = a; = aj = aj orv = 
6; = Bj = 67, all three curves will be operating simultaneously at 
a breakpoint. This behavior is possible only if all resistors R4 and 
Rg are also simultaneously operating at a breakpoint. We there- 
fore conclude that if Eqs. (12-86) and (12-87) are satisfied, then Ry 
and Rg must have the same number of segments n = n’ =n”. 

In practice, the intervals of definitions (a;,B;), (aj,Bj), and 
(a},B4) are generally different, and hence Eqs. (12-86) and (12-87) 
are generally not satisfied. However, by subdividing some seg- 
ments into two or more subsegments, it is always possible to satisfy 
these equations. All we need to do is to align the vertical axis of 
the TC plot, the DP plot, and the equivalent load characteristic 
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along their vertical axis and draw a guideline through each break- 
point of each of these three curves. If we let the distance between 
each pair of adjacent vertical lines be the interval of definition of 
a subsegment, then the entire v axis will be divided into N subin- 
tervals, where 


max (n,n’,n") << N<(n+n' +n”) (12-88) 


In view of the above procedure, we can be sure that Eqs. (12-86) 
and (12-87) will always be satisfied, and hence, resistors R4 and 
Rg must have exactly N segments. For example, consider the same 
specifications given earlier in Fig. 8-17b to d, which we redraw in 
Fig. 12-18a to c for convenience. Our first step is to perform 
a graphical composition between the first two curves to obtain the 
equivalent load specification shown in Fig. 12-18d. Observe that 
whereas the original curves have three segments each, the equiv- 
alent load specification has five segments. Hence, n = n’ = 3, and 
n” = 5. Observe also that the intervals of definition for each 
of these curves are different. However, if we draw a vertical guide- 
line through each and every breakpoint of the TC plot, DP plot, 
and the equivalent load characteristic, as shown in Fig. 12-18) 
to d, we would subdivide the v axis into six intervals, namely, 
(— ,—5), (—5,—3), (—3,—1), (— 1,2), (2,4%), and (4%,00). If we 
introduce a breakpoint at the intersection between each segment 
and these vertical guidelines, then each of the curves in Fig. 
12-185 to d can be interpreted as made up of six segments, even 
though some segments may fall on the same straight line. The rea- 
son for doing this is obviously to satisfy Eqs. (12-86) and (12-87). 
For future reference, the slope and intercept of each of the 
six-segment TC plot and DP plot of Fig. 12-185 and c are tabu- 
lated in columns 3 to 6 of Table 12-5. Corresponding to the six 


TABLE 12-5 Summary of pertinent parameters from the combined specifications. 


Segment Range of TC plot DP Plot Load v,-i;, Curve 
number driving-point —_—_—— = —___——____— 
¥/ voltage V mM IE; 4] i TL jE 
1 (—oo,—5) % A %; ] 4 —1 
2 (—5,—3) % x x, ] l —1 
3 (—3,—1) Y, % 1 y, 1 —1 
4 (—1,2) —% Ys 1 2 1 —1 
Ss) (2,4%) ¥y —h 1 2 ] —| 
6 (4%, 00) % —% Y, 1% 2 —3 
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Fig. 12-18. An example of a 
jointly prescribed load charac- 
teristic, TC plot, DP plot, and 
the associated equivalent load 
specification. 
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(a) 


(b) 


(c) 


(d) 


intervals of driving-point voltage v, the original load resistor vz-iz, 
curve in Fig. 12-18a can also be broken up into six intervals, but 
in terms of iz. This is most simply done by superimposing the vz-iz 
curve of Fig. 12-18a on top of the equivalent load specification of 
Fig. 12-18d. Since the ordinates of these two curves are identical, 
we can identify the interval of voltage vz, of the original curve 
corresponding to the six intervals obtained earlier. For example, 
segment | of Fig. 12-18d is operating at —0o < iz, < 0. The corre- 
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sponding interval in Fig. 12-18a shows that when — oo < i, <0, 
—0oo < vy, < —I, and hence the load resistor is operating at seg- 
ment | during this interval. Similarly, corresponding to segments 
2 to 5 in Fig. 12-18d, the load resistor is operating in segment 2. 
Finally, corresponding to segment 6 (2 < i, < 00) in Fig. 12-18d, 
the load resistor vz-iz, curve in Fig. 12-18a is seen to be operating 
in segment 3. The values of jr, and jE; of the load vz-iz, curve 
corresponding to the six intervals of definition are tabulated in 
columns 7 and 8 of Table 12-5. 

As a summary, we found that the crucial step in this method 
consists of taking the graphical composition between the load 
vy-iz, curve and the TC plot to obtain equivalent load specification. 
The three curves (TC plot, DP plot, and equivalent load specifica- 
tion) have the same independent variable v and can, therefore, be 
broken up into N common intervals (a;,5;), 7 = 1,2,..., N. During 
each interval, we are guaranteed that each resistor will be operating 
in one, and only one, segment. It makes sense, therefore, to com- 
pare each segment of the TC plot and DP plot of the iterative 
linear lattice network in Fig. 12-17 with the given specification in 
the same manner as that of the voltage divider. 

By means of the symmetric lattice network theorem (Sec. 
7-7-1), we obtain vy = U3, 11 = i3, Ve = U4, and ig = ig. Using these 
relationships, we derive the following equations from the network 
of Fig. 12-17: 


ye 2 FUL 4 2rlGrGE2) — Gre)GE1)] + 2Gr)Gre)GEv) 
ee A A 


(12-89) 
._ bit fe + 2070) 
o— ao 
peas Ems Lar funle = 2Gre + FUE, (17.99) 
where 
A= Gri + s2)irt + 2Gr1)(72) (12-91) 


If we equate the coefficients in Eqs. (12-89) and (12-90) with the 
corresponding coefficients in Eqs. (12-83) and (12-84), we obtain 


des ier it guivin4,| (12-92) 
Gra + jra)irt + 2Gr1)Gr2) 


569 


570 


Resistive nonlinear networks 


Lia + ire + 2Grz)] = 9; (12-93) 
Gri + sf2)irL + 2Gri)Gre) ‘ 
2GriMGrs)GE2) — r2)\GEx)) + 2Gra)Gr2)\GEx) _ (12-94) 
Girt + jfe)itt + 2Gr1)Gre) 
Gri = sfa)Ex — 2Gra + ru) — 2Gre + Fuk _ 7, (12-95) 


Gri + jr2)jFu + 2Gr1)Gre) 


These equations constitute four equations in the four unknowns 
jf1, jf2, jE1, and ;E2. The values of the remaining parameters in 
these equations are defined in Table 12-5 and are, therefore, known. 
By a rather routine but quite lengthy process of substitution and 
elimination, we obtain 


#1 =m) 12-96) 
= aur) + 
rp = HAL + my) 12-97 
#2 = ghana) — 
_ GO = m)Er — 0 + gGr)lKj — ri — ml; A 
ee + mj] a) 
“Bop = a St SA ee (12-99) 


2[gir) — mj] 


These relations completely specify jr1, jr2, ;E1, and ;E2 in terms of 
the given parameters. 

It remains for us to determine the interval of definition of 
each segment j of R4 and Rg. To determine this, we solve for the 
relationships between the voltages across R4 and Rg, in terms of v 
from Fig. 12-17. Thus we obtain 


jes sie 

ri Sule) = Cae) = eNeraNa (12-100) 
ine sa Cena LE 

in Hulse) — Gra + dra) (12-101) 


where A is as defined in Eq. (12-91). Solving for the driving-point 
v in terms of v; from Eq. (12-100), we obtain 
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ih A 
~ iGire + st) ms 
_ #ilGreyGE1) — GraGE2)] — Gri)Gr2)GEx) 
ire + jz) 


(12-102) 


Similarly solving Eq. (12-101) for v in terms of v2, we obtain 


is oe 
fers + srt) 
4 AME) = NED — GDMED 19.193) 
jroGri + 5rz) 


Let us next impose on these equations the constraints given 
by Eqs. (12-86) and (12-87), namely, 


a<v<b; (12-104) 


Substituting Eqs. (12-102) and (12-103) in place of v in Eq. (12-104), 
we obtain the following desired relationships: 


Interval of definition for resistor R4 


WIL — ma; — Ej] < v1 < (1 — mb; — Ei] (12-105) 


Interval of definition for resistor Rg 
BIL + mya; + E] < v2 < BIC + mb; + Bi] (12-106) 


Although the foregoing derivation is rather lengthy, the final 
synthesis equations are very simple and easy to apply. Indeed, 
only six equations are needed for the synthesis. The first four 
equations [Eqs. (12-96) to (12-99)] are used to calculate the slope 
and intercept of each segment of Ry and Rg, and the remaining 
two equations [Eqs. (12-105) and (12-106)] are used to calculate 
the interval of definition of the corresponding segment. An exami- 
nation of Eqs. (12-96) and (12-97) shows that in order for the two 
resistors R4 and Rg to be monotonically increasing, we must have 


Slain! (12-107) 
and 
— gir) < my < gilt) (12-108) 
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TABLE 12-6 Pertinent information for specifying the resistor Ry. 
Se ee ee ee ee 


Interval of definition, 


j int, Eq. (12-96) jE1, Eq. (12-98) Eq. (12-105) 
1 0.632 6p (Son 3} 

» 0.428 sdb (15) 
3 0.333 His (A 
4 5.0 es C5) 

5 0.143 121 (1.5,1.83) 

6 0.286 0.595 (1.83,00) 


These two constraints correspond to conditions 2 and 3 of the 
lattice network synthesis theorem in Sec. 8-5. (Condition 1 of this 
theorem follows from the fact that R4 and Rg are monotonic.) 

Let us now complete our synthesis of the specifications in 
Fig. 12-18. The pertinent parameters in Table 12-5 can now be 
substituted into Eqs. (12-96) to (12-99) to obtain the slope and 
intercepts of R4 and Rg. Similarly, substituting these parameters 
into Eqs. (12-105) and (12-106), we obtain the interval of definition 
for each segment. These results are summarized in Table 12-6 for 
the resistor R,4 and in Table 12-7 for the resistor Rg. The reader 
should verify that these tables give precisely the same v,-i; and 
Ug-i2g Curves obtained earlier in Fig. 8-17g and h. 


Exercise 1: Derive the corresponding synthesis equations for the nonlinear volt- 
age divider with R,; as the nonlinear resistor. 


Exercise 2: Derive the synthesis equations for realizing a prescribed DP plot and 
TC plot by a nonlinear voltage-divider network containing two nonlinear resistors 
Ry and Ro. 


Exercise 3: Derive Eqs. (12-89) through (12-106) and verify results given in 
Tables 12-6 and 12-7. 


Exercise 4: Describe the step-by-step procedure for deriving the synthesis equa- 
tions for realizing a jointly prescribed DP plot, load characteristics, and the 
following type of TC plots: (a) i, versus i; (b) vy versus i; (c) i, versus v. 


TABLE 12-7 Pertinent information for specifying the resistor R,. 


Interval of definition, 


j ira, Eq. (12-97) jE2, Eq. (12-99) Eq. (12-106) 
| Dail 0.23 (00,3) 
2 9.0 7.5 (Spe 5) 
3 3.0 1.5 (—1.5,0) 

4 0.20 0.10 (0,0.5) 

5 7.0 54135 (0.5,2.83) 

6 14.0 29:83 (2.83,00) 


_-_l eee CO errr 
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Exercise 5: In many practical cases the load and the DP plot are linear. Simplify 
the synthesis equations for this case, and show how the resistance corresponding 
to the load and the DP plot may be chosen in connection with the given TC plot 
so that both Ry and Rg will be monotonic. 


12-7 SUMMARY 


Basic philosophy Each network must be recast into the canonic 
form so that all nonlinear elements are two-terminal resistors 
characterized by piecewise-linear v-i curves. Any resistive network 
may be recast into this form by substituting each n-terminal 
(n > 2) resistor by a network model in the canonic form. 


Iterative linear network Each nonlinear resistor characterized by a 
piecewise-linear v-i curve is equivalent to an iterative Thévenin 
equivalent circuit or to an iterative Norton equivalent circuit. 
A nonlinear network in the canonic form is said to be an iterative 
linear network if all nonlinear resistors in the network have been 
replaced by their iterative Thévenin or Norton equivalent circuits. 


The iterative piecewise-linear method Given a nonlinear network in 
the canonic form, we first obtain its associated iterative linear 
network. This network is linear and can be analyzed by a number 
of available techniques. Any voltage or current expressions de- 
rived from this network will be in terms of the iterative parameters 
associated with the nonlinear resistors. This part of the analysis is 
no different from the analysis of any other linear network. 

The second part of the analysis consists of a systematic itera- 
tion over all possible segment combinations. No new concept is 
involved here other than an efficient bookkeeping system. Such a 
task is ideally suited for a digital computer. The iterative piecewise- 
linear method is the most general method available. It can be used 
to find the operating points, the DP plots, and the TC plots of any 
resistive nonlinear network in the canonic form. 


Computer network analysis Two versions of general computer pro- 
grams are available: 


1. Semiautomatic general analysis program. The user will perform 
the first part of the iterative piecewise-linear method by deriving 
all pertinent equations needed by the program. The iteration 
part of this method is carried out by the computer. The disad- 
vantage of this approach is that for complicated networks, 
even the linear analysis part could involve a lot of work. The 
advantage of this approach is that once the expressions are de- 
rived for a particular network, such as a Schmitt trigger, the 
program can be considered as completely automatic for this 
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Fig. P12-1. 
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network. This not only reduces computer time, but also allows 
the effect of parameter variations to be studied. Moreover, be- 
cause the program is not completely automatic, it can be kept 
to a small size. 


. Completely automatic Meca program. In this version the user 


does not have to derive any equation. The network topology 
and element interconnections are given directly as the input to 
the computer. The computer essentially derives the pertinent 
equations and carries out the iterations. This program is very 
powerful because it applies to multivalued networks as well. It 
is completely user-oriented. The only disadvantage is that the 
size of the program is very large and hence requires a large 
computer for its implementation. This is the price that one pays 
for achieving complete automation. 


Synthesis by the iterative piecewise-linear method Most of the syn- 
thesis methods described in Chap. 8 can be derived by the iterative 
piecewise-linear method, which offers two advantages over the 
graphical methods: 


Il 


2: 


It makes possible deriving synthesis equations so that the 
restrictions of the circuit can be easily determined. 


It is well-suited for digital computer programming. 


PROBLEMS 


12-1 Consider the networks shown in Fig. P12-la and b, where the 


10 


10 2 


tunnel diode v;-i; curve is given in Fig. P12-1c. 


Q 


l 
i ee ee 
ETN ee 
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(a) Using the iterative Thévenin equivalent circuit, find the 
operating point of the network in Fig. P12-la and the DP 
plot and TC plot of the network in Fig. P12-1b. 

(b) Repeat (a) using the iterative Norton equivalent circuit. 

(c) Check the above solutions by the graphical method. 


12-2 Consider the network shown in Fig. P12-2a, where the vj-i; curve 
is shown in Fig. P12-25. 
(a) Find the operating point when a current source i = 3 ma is 
connected across the driving-point terminals. 
(b) Find the v,-vs.-v TC plot. 
(c) Find the i;-vs.-i TC plot. 


12-3 Consider the network shown in Fig. P12-3a, where the v4-i; 

and the v2-i2 curves of R; and R»z are shown in Fig. P12-3b and c. 

(a) Find the operating point when a voltage source v = 3 volts 

is connected across the driving-point terminals. 

(b) Find the v-vs.-i DP plot. 

(c) Find the v2-vs.-v TC plot. 

(d) Find the v,-vs.-v TC plot. 

Fig. P12-3. 


ij, Mah 
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(c) 
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12-4 Consider the network shown in Fig. P12-4 where the v-i curves of 
the nonlinear resistors Ry and R2 are given by Fig. 12-5b and c in 
the text. 

(a) Find the operating point when a voltage source v = 5 volts 
is connected across the driving-point terminals. 

(b) Find the v-vs.-i DP plot. 

(c) Find the vg-vs.-v TC plot. 


Fig. P12-4. 


12-5 Consider the network shown in Fig. P12-Sa, where the v,-i; and 
the ve-ig curves of the nonlinear resistors are shown in Fig. 
P12-5b and c, respectively. 

(a) Find the operating point when a 0.5-ma current source 
is connected across the driving-point terminals. 

(b) Find the v-vs.-i DP plot. 

(c) Find the v2-vs.-v TC plot. 

(d) Find the v2-vs.-i TC plot. 


volts 


(a) 


Fig. P12-5. 

. 12-6 Consider the network shown in Fig. P12-6a, where the vj-i; and 
the v2-i2 curves of the nonlinear resistors are shown in Fig. P12-6b 
and c, respectively. 

(a) Find the operating point when a 5-volt voltage source is 
connected across the driving-point terminals. 

(b) Find the v-vs.-i DP plot. 

(c) Find the v-vs.-v TC plot. 

(d) Find the ig-vs.-i TC plot. 
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(a) 


Fig. P12-6. 


12-7 When a network contains only ideal diodes as the nonlinear ele- 
ments, it is sometimes easier to analyze a series of reduced linear 
networks obtained by replacing the ideal diodes by either open 
circuits or short circuits corresponding to each segment combina- 
tion. If there are n ideal diodes, a total of 2” reduced linear net- 
works must be analyzed. This is called the method of assumed 
states. 

(a) Find the DP plot of the network shown in Fig. P12-7 by the 
iterative piecewise-linear method. 
(b) Repeat (a) by the method of assumed states. 


Fig. P12-7. 


Fig. P12-8. 
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12-9 Do Prob. 12-7 for the ideal diode network shown in Fig. P12-9. 


12-10 Consider the transistor circuit shown in Fig. P12-10. 


Find the operating point corresponding to a driving-point 
voltage v = —0.4 volt. 

Find the v-vs.-i DP plot. 

Find the v,-vs.-v TC plot. 

Find the power-transfer plot between the load resistor Ry, 
and the voltage source. 


NOTE: Use the p-n-p transistor model Bp. 


Fig. P12-9. 
(a) 
(b) 
(c) 
(d) 
U 
Fig. P12-10. 


—=—= 8 volts 


12-11 Consider the transistor circuit shown in Fig. P12-11. 


(a) 


(b) 
(c) 
(d) 


Find the operating point corresponding to a driving-point 
voltage v = 0.4 volt. 

Find the v-vs.-i DP plot. 

Find the vy-vs.-v TC plot. 

Find the power-transfer plot between the load resistor R, 
and the voltage source. 


NOTE: Use the n-p-n transistor model Bx. 


600 Q 


Fig. P12-11. 


2NXX15 


+ 
— 40 volts 
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12-12 Consider the triode network shown in Fig. P12-12. Using the 
triode model C with r, = 3.3 kQ, » = 20, andr, = 250 Q, find the 
v-vs.-i DP plot and the v,-vs.-v TC plot. 


Fig. P12-12. 
12-13 The network shown in Fig. P12-13 is the vacuum-tube version of 
the Schmitt trigger circuit. Using the triode model C with r, = 
5 kQ, p = 70, and r, = 250 Q, find the v,-vs.-v TC plot. 
9 + 300 volts 
Fig. P12-13. 
12-14 A transistorized Eccles-Jordan circuit is shown in Fig. P12-14. 
Using the n-p-n transistor model Brg, find the operating points of 
this network. 
9+ 12 volts 
o—12 volts Fig. P12-14. 
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12-15 Use the piecewise-linear method to synthesize the TC plots shown 
in Fig. P12-15a and b by a nonlinear voltage divider. 
(a) Choose R; = 100 2. 
(b) Choose Rz = 100 . 


hug, volts 


Fig. P12-15. 


12-16 Use the piecewise-linear method to synthesize the jointly pre- 
scribed TC plot, load vz-i, curve, and DP plot shown in Fig. 
P8-18a to c in Chap. 8. 


va 


SIC ae OF 


13-1 CLASSIFICATION OF DYNAMIC NONLINEAR NETWORKS 


By the definition in Sec. 4-1-2, dynamic nonlinear networks rep- 
resent the class of all nonlinear networks other than resistive net- 
works. In view of the negative nature of this definition, the classes 
of resistive and dynamic networks together constitute the universe 
of all networks, because a network is either resistive or dynamic. 
If we represent the universe of all networks symbolically by the set 
of points U (where each point represents a network) as shown in 
Fig. 13-1a, then the heavily shaded portion of U represents the class 
of all resistive networks, and the lightly shaded portion of U rep- 
resents the class of all dynamic networks. Since the class of 
dynamic networks is so much larger than the class of resistive net- 
works, it would be too ambitious for us to formulate a general the- 
ory that is applicable to the solution of all dynamic networks. After 
all, it took us eight chapters just to formulate a general theory to 
handle resistive networks. The logical approach, therefore, is to 
break up the huge class of dynamic networks into various 
subclasses as shown in Fig. 13-1b and attempt to formulate a gen- 
eral theory to handle each subclass. 


13-1-1 BASIS OF CLASSIFICATION 


What principle should be used to classify dynamic networks? Obvi- 
ously, dynamic networks having some common properties or fea- 
tures must be grouped in the same class. Since the essential feature 
of any dynamic network is the presence of at least one energy- 
storage element (namely, an inductor or a capacitor), it seems rea- 
sonable to classify each subclass of dynamic networks in terms of 
the number of energy-storage elements present in the networks. 
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Fig. 13-1. Symbolic represen- 
tation of the universe of all net- 
works and their classifications. 


Fig. 13-2. Two networks con- 
taining different numbers of 
energy-storage' elements but 
similar equations of motion. 


Dynamic nonlinear networks 


Class 2 


Class 3 
Dynamic Class 1 
networks 
Resistive Resistive Class n 
networks networks 


(a) (d) 


However, this is not very satisfactory because certain dynamic net- 
works containing different numbers of energy-storage elements can 
be analyzed using exactly the same principles, and hence there is 
no reason to separate them. For example, consider the simple one- 
energy-storage-element network N, shown in Fig. 13-2a and the 
two-energy-storage-element network N, shown in Fig. 13-2b. The 
equation of motion for Ng is readily seen to be 


dv; 


Re 


+ v1 = sint (13-1) 


Similarly, the equation of motion for Np is 

dv : 
RCC, + C2) + vy = sint (13-2) 
Observe that Eqs. (13-1) and (13-2) are similar in form, and their 
respective solutions can be found using identical procedures. It is 
more natural, therefore, to consider Ng and N, as belonging to the 
same subclass rather than to separate them, as would be the case 


if we adopt as the basis of classification the number of energy- 
storage elements. 


Network NV, Network N, 
(a) (b) 
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Since one of the most basic problems in dynamic networks is 
to find the solution of the equations of motion consisting of a sys- 
tem of nonlinear differential equations, it is more appropriate to 
classify dynamic networks according to the “complexity” of their 
system of differential equations of motion. It is well known that 
the solution to any system of differential equations can be found 
only to within a number of arbitrary constants ky, ko,..., ky. In 
order to determine the n arbitrary constants, we must specify n in- 
dependent “initial conditions.” In other words, there are as many 
arbitrary constants as there are independent initial conditions.1 

Two systems of differential equations requiring different num- 
bers of initial conditions are usually solved by quite different 
methods.” Since our ultimate objective is to solve these equations, 
a more meaningful basis for the classification of dynamic networks 
can be stated in terms of the number of independent initial condi- 
tions that must be specified in order to uniquely solve for the solu- 
tion of the network. In view of the above considerations, we are 
now ready to state a definition which serves as a basis for classify- 
ing dynamic networks. 


13-1-2. DEFINITION OF ORDER OF COMPLEXITY 


We define the order of complexity of a dynamic network to be the 
maximum number n of independent initial conditions that can be 
specified in terms of the electrical variables in the network.’ For 
convenience we shall refer to N as a first-order network ifn = 1 
and as a second-order network if n = 2. Since n > 1 for any 
dynamic network, we might, for the sake of completeness, refer to 
any resistive network as a zero-order network. It is important to 
observe that the above definition requires that the number of 
initial conditions be independent of one another. The word “inde- 
pendent” means that none of the specified initial conditions can 
be derived from the rest. As an illustration of the above definition, 
consider again the network N, shown in Fig. 13-2a. Since N, con- 
tains only one energy-storage element, we can specify only one 
initial condition, namely, the voltage v1(‘o) across the capacitor C 
at some arbitrary time fo; hence, N, is a first-order network. Con- 
sider next the network N, shown in Fig. 13-25. Since N; contains 
two energy-storage elements, it appears at first sight that we can 
specify two initial conditions, namely, the voltage v1(fo) across 
capacitor C, and the voltage v2(to) across capacitor C2 at some time 
to. However, since v2 = vy — 1, the two initial conditions are not 
independent because once v1(fo) is specified, ve(to) is constrained 
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1A set of initial conditions 


is said to be independent 
if its values can be arbi- 
trarily chosen. 


2The only general method 


which does not depend on 
the number of differential 
equations is the numerical 
integration technique dis- 
cussed in Secs. 4-7 and 
20-2. However, this 
method is not particularly 
useful for studying the 
qualitative properties of 
nonlinear networks. Be- 
cause of this limitation, 
only qualitative methods 
are emphasized in the fol- 
lowing chapters. 


3 As will be obvious shortly, 


the order of complexity of 
a dynamic network is equal 
to the minimum number 
of initial conditions that 
must be specified in order 
to specify completely the 
behavior of the network. 
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1Review Sec. 4-6 for the 
significance of normal 
form and state variables. 


2 By RLC network we mean 
a network containing only 
two-terminal resistors, in- 
ductors, capacitors, and 
independent sources. No 
controlled sources, ideal 
transformers, — gyrators, 
etc., are allowed. 
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to be vi(to) — 1, and hence ve(to) cannot be specified arbitrarily. 
Therefore N; is a first-order network because we can specify only 
one independent initial condition. From the theory of differential 
equations, it is known that a system of n differential equations in 
the normal form! requires exactly n initial conditions for its solu- 
tion. Therefore the order of a dynamic network is known once the 
equations of motion of the network have been reduced to the 
normal form. In particular, the number of state variables is equal 
to the order of complexity of the network. 


13-2. ORDER OF COMPLEXITY OF DYNAMIC NETWORKS 


As will be obvious in the sequel, our classification of dynamic net- 
works according to their order of complexity is very useful because 
each subclass can usually be handled by some unified principles 
and techniques. Since the theory for different orders of networks 
is in general quite different, it is necessary for us to determine first 
the order of complexity of a given network before we know which 
theory to apply. One method for obtaining this information is, of 
course, to write the equations of motion of the network in the 
normal form. We shall develop in this section a simpler technique 
for determining the order of complexity of any dynamic RLC net- 
work by inspection, i.e., without writing down any equation.? In 
order to do this, it is important for us to obtain a deeper under- 
standing of why initial conditions are necessary from the net- 
work’s point of view, and to understand which electrical variables 
qualify as an appropriate set of initial conditions. 


13-2-1 SIGNIFICANCE OF THE INITIAL CONDITION 


From the mathematical point of view, initial conditions are intro- 
duced as a “gimmick” for determining the values of the arbitrary 
constants associated with the solution to a system of differential 
equations. From the network’s point of view, initial conditions are 
introduced because of our ignorance or incomplete knowledge of 
the past history of the excitations that have been applied to the 
network. In order to understand the above reason, let us consider 
an arbitrary capacitor C; of an arbitrary network N. Suppose we 
want to find the charge q;(¢) of this capacitor at time ¢, namely, 


git) = [" if) ar (13-3) 
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From Eq. (13-3) it is clear that g,(¢) can be found only if we know 
the exact waveform of the capacitor current i) from t = — oo up 
to the present time /, that is, from the time the capacitor was 
manufactured. However, any network N is constructed at some 
finite time in the past, and in any physical network the excitations 
are applied at some time, say, t = fo. Hence, we would usually have 
information on the excitation waveforms only for ¢ > fo, since by 
assumption, this is the time when the excitations are applied. To 
be specific, suppose we know the capacitor current i,(t) for t > to, 
where ¢ = fg is the time we closed the switch which connects the 
current source i;(t) across the capacitor C;. Unfortunately, this in- 
formation is not sufficient for us to determine q;,(¢) from Eq. (13-3), 
because we need to know if) during —coo <t< to as well. 
Although our excitation was applied at ¢ = fo, we have no right to 
assume that i(¢) = 0 for t < fo because, sometime in the remote 
past, i,(¢) may not have been zero. For example, the capacitor may 
have been charged prior to ¢ = fo either by someone else or by a 
number of random sources such as lightning or atmospheric noise. 

Our ignorance of the past history of i,(¢) prevents us from de- 
termining g,(t). However, since the excitations are applied at 
t = fo, we are really interested to know only q,(f) for t > to. Let us 
rewrite Eq. (13-3) in the form 


git) = [° in) dr + [ir) at (13-4) 
The second integral can be found because we know i,(t) for 
t > fo. It is the first integral which is causing the trouble. Observe, 
however, that at ¢ = fo, Eq. (13-3) becomes 


qito) = ita "lilt at (13-5) 


where q,(to) is the total charge in the capacitor at ¢ = fo. Substituting 
Eg. (13-5) into Eq. (13-4), we obtain 


gi) = qilto) + J) is(r) ar (13-6) 


where ¢ > fo. 

Equation (13-6) tells us that, provided we are interested only 
in knowing g,(¢) for t > fo, it is not necessary to know the entire 
past history of i(t) for t < to. Instead, we need to know only the 
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1To be exact, given u(t), we 
can find g(t) uniquely if 
the v-q curve is voltage- 
controlled. Similarly, given 
qt), we can find v(¢) 
uniquely if the v-q curve is 
charge-controlled. 
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value of the charge g; in the capacitor at the initial time fo. The 
value q,(to) is called the initial condition. In other words, we have 
shown that in order to determine the charge q,(¢) in a capacitor, it 
is necessary to know not only the excitation but also the initial con- 
dition. It should now be clear that the single piece of infor- 
mation q;,(to) is used in lieu of the entire past history of i,(¢). 

Let us next recall that a capacitor is characterized by a curve 
in the v-g plane, and if we know v(t), we can find q(7), and 
vice versa. Since it is necessary to know the initial condition q(to) 
in order to find g(t) for ¢ > fo, it follows that it is necessary 
to know v(fo) in order to find v(t) for t > to. However, since given 
u(to), we can find g(to) from any voltage-controlled v-q curve, or 
given q(to), we can find u(¢o) from any charge-controlled v-q curve, 
it is clear that in order to find g(t) and v(¢) across a capacitor, it 
is sufficient to specify an initial condition either in terms of 
the capacitor charge g(to) or in terms of the capacitor voltage v(¢o) 
at the initial time fo. 

Finally, an examination of Eq. (13-6) shows that specifying 
the capacitor current i,(fo) at fo would not do any good because 
one cannot determine q,(fo) from this information alone. We con- 
clude, therefore, that the current in a capacitor is not an ap- 
propriate initial condition. 

By exact dual arguments, we find that for an inductor 


p(t) = Pi(Lo) +f) vj(t) dr (13-7) 


where ¢ > fo. 

In order to find the flux linkages ,(¢) for t > fo, it is neces- 
sary to specify the initial condition ¢,(to) at 49. Moreover, since an 
inductor is characterized by a curve in the i-p plane, it follows that 
we can specify either the flux linkage q(‘o) or the inductor current 
(to) at to as the initial condition. An examination of Eq. (13-7) 
shows that the voltage across an inductor is not an appropriate 
initial condition. 

The above results are important enough to be stated in the 
form of a theorem. 


THEOREM ON THE CHOICE OF APPROPRIATE INITIAL CONDITIONS 


An appropriate set of initial conditions that can be specified for a 
dynamic network consists of the value of the charge g or voltage 
v across a capacitor and the value of the flux linkage or current 
i in an inductor at some arbitrary initial time ¢ = fo (which is 
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usually chosen to be zero). The capacitor current and the inductor 
voltage are not appropriate initial conditions. 


This theorem specifies a fundamental set of initial conditions 
that are commonly used. There are other possibilities which are 
just as valid. Indeed, any linearly independent combination of 
capacitor voltages and inductor currents would qualify. For 
example, any set of initial conditions from which the capacitor 
voltages and inductor currents can be calculated is valid. 


13-2-2. DETERMINATION OF ORDER 
OF COMPLEXITY BY INSPECTION 


We have already seen that the order of complexity of a dynamic 
network may not be equal to the number of energy-storage 
elements because some initial conditions may not be independently 
specified. In order to diagnose the source of “dependency,” let us 
consider the more complicated network N in Fig. 13-3. 

Since N contains 10 energy-storage elements (six capacitors 
and four inductors), it appears that we can specify 10 initial con- 
GODS, Wo 0G, UO 06s U63 Ue line tins dis, aud tp,.. However, 
a more careful inspection of the network shows that not all these 
initial conditions are independent. For example, the loop consist- 
ing of capacitors C;, C2, and C3 and voltage source Eo imposes a 


constraint due to KVL; thus nig SLs Se Cnet 
two possible sources of depen- 
dent initial conditions, namely, 

Uc, + Vo, + Vo; = Eo (13-8) a loop of capacitors and voltage 
sources, and a cut set of induc- 
tors and current sources. 


Cut set of inductors I 
and current SOUrCe tt Mey 0 
Closed loop of capacitors ite (==) 
» 


and voltage source a 
/ x 
7) / . Ce; \ 
ee Cy = vine 6 UL, \ 
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1 By independent we mean 
that no constraint is a 
linear combination of the 
remaining constraints. 
Clearly, a set of loops is 
independent if each loop 
contains at least one ca- 
pacitor not contained in 
the other loops. Similarly, 
a set of cut sets is inde- 
pendent if each cut set 
contains at least one in- 
ductor not contained in 
the other cut sets. 
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This equation implies that only two of the three initial conditions 
Uc,» Vex, and ve, can be specified arbitrarily. We conclude that al- 
though there are six capacitors, only five capacitor voltages are in- 
dependent. Similarly, the cut set consisting of inductors Le, Ls, 
and L4 and current source Jp imposes a constraint due to KCL; 
thus 


(13-9) 


ln Ping te, — lo 


Equation (13-9) implies that only two of the three initial con- 
ditions i,,, iz,, and iz, can be specified arbitrarily. Hence we con- 
clude that although there are four inductors, only three inductor 
currents are independent. The maximum number of independent 
initial conditions that can be specified is therefore equal to 
5 + 3 = 8, and hence network N in Fig. 13-3 is an eighth-order 
network. 

Based on the above example, it is clear that a dependency exists 
whenever it is possible to write a constraint involving only capaci- 
tor voltages and voltage sources; therefore, we must subtract one 
initial condition from the total number of energy-storage elements. 
Similarly, it is clear that a dependency exists whenever it is pos- 
sible to write a constraint involving only inductor currents and cur- 
rent sources; therefore, we must likewise subtract one initial con- 
dition from the total number of energy-storage elements. The first 
constraint involving only capacitor voltages and voltage sources 
occurs if and only if there exists a loop in the network containing 
only capacitors and independent voltage sources. Similarly, the 
second constraint involving only inductor currents and current 
sources occurs if and only if there exists a cut set in the network 
containing only inductors and independent current sources. If we 
count the total number of independent capacitor-voltage-source- 
only loops and the total number of independent inductor-current- 
source-only cut sets and subtract these from the total number of 
energy-storage elements, we obtain the maximum number of inde- 
pendent initial conditions.! The above observations are important 
enough to be stated in the form of a theorem. 


THEOREM ON ORDER OF COMPLEXITY OF DYNAMIC RLC NETWORKS 
The order of complexity of any dynamic network N is given by 


n = bro — ne — Ny 


(13-10) 
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where byc = total number of energy-storage elements in N 
nc = total number of independent loops containing only 
capacitors and possibly voltage sources 
ny = total number of independent cut sets containing only 
inductors and possibly current sources 


Applying the above theorem to the network shown in Fig. 13-3, 
we find that bj¢=10, nc=1, and np=1; hence, n=10—1—1=8, 
as expected. For a more complicated example, consider the net- 
work shown in Fig. 13-4a. It appears at first sight that there are 
three loops containing only capacitors and voltage sources as 
shown in Fig. 13-4b. However, only two of the three loops are in- 
dependent because the KVL equation written for the third loop 
can be derived from the KVL equations written for loops 1 and 2. 
Therefore, we conclude that nc = 2. From Fig. 13-46 it is clear that 
in order for a loop to be independent with respect to a set of 
previously chosen independent loops, it must contain at least one 
new capacitor not contained in the previous loops. In order to 
determine nz, we find that there are two independent cut sets con- 
taining only inductors and current sources as shown in Fig. 13-4c; 
hence nz, = 2. Applying the above theorem, we find that n= 
13 — 2 —2=9 and the network in Fig. 13-4 is a ninth-order 
network. 


(a) 
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Fig. 13-4. A network contain- 
ing dependent loops of capaci- 
tor and voltage sources. 
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1 For more complicated net- 
works, it may be desirable 
to apply the topological 
techniques presented in 
Sec. 4-3 for finding nc and 
ny. For example, applying 
the independent KVL 
equation criteria in Sec. 
4-3-1, we obtain the rela- 
tionship ng = b’ — n’ + 1, 
where b’ and n’ represent 
the total number of 
branches and nodes, re- 
spectively, in the capacitor- 
voltage-source subnetwork. 
It is important to note that 
only capacitors and voltage 
sources which form closed 
loops with at least one 
other capacitor or voltage 
source are considered to 
be part of the subnetwork. 
For example, the capacitor 
Ce in Fig. 13-4a is not 
counted as part of the sub- 
network. Observe that in 
this case, b’ =6 and n’=5, 
and hence ng = 2, as ex- 
pected. By a dual proce- 
dure, we obtain from the 
independent KCL equa- 
tion criteria in Sec. 4-3-2 
the relationship ny = 
n’ — 1, where n’ repre- 
sents the total number of 
nodes in the inductor-cur- 
rent-source subnetwork. 
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It should now be clear that this theorem allows us to determine 
by inspection the order of complexity of any dynamic RLC net- 
work. We need determine only nc and nz. To determine nc, 
we may replace all resistors, inductors, and current sources in NV 
by open circuits, thus leaving a much simpler subnetwork contain- 
ing only capacitors and voltage sources, and nc can be found by 
inspection. Similarly, to determine nz, we may replace all resistors, 
capacitors, and voltage sources in N by short circuits, thus leaving 
a much simpler subnetwork containing only inductors and current 
sources, and nz, can be found by inspection.1 


13-2-3. SOME SUBTLE POINTS CONCERNING INITIAL CONDITIONS 


There are three questions concerning initial conditions which are 
of considerable theoretical interest. Since a complete answer to 
these questions is beyond the scope of this book, we shall only 
briefly mention them here. The first question is whether the 
theorem on the order of complexity of dynamic RLC networks 
can be generalized to include controlled sources in the network. 
The answer is yes, provided additional restrictions are imposed on 
the network topology. Fortunately, for most practical networks of 
interest these additional restrictions are usually satisfied automat- 
ically, and hence this theorem is still applicable. In general, how- 
ever, we must watch for the possibility of some additional con- 
straints that may be introduced by the controlled sources, thereby 
reducing further the order of complexity of the network. 

A second question of interest concerns the definition of equiv- 
alent dynamic networks. Clearly, the initial conditions must be in- 
cluded in any such definitions. Since a meaningful discussion of 
this topic entails some knowledge of differential equations, which 
we do not assume in this book, we shall just point out that 
the concept of equivalent dynamic networks is not as practical as 
for resistive networks because the need for including initial condi- 
tions complicates the problem considerably. This complication 
tends to obliterate the advantage of introducing equivalent net- 
works, that is, simplifying the analysis problem. 

The third question concerns the effect on the order of complex- 
ity of the original network caused by the introduction of an equiva- 
lent network. For example, if we have two capacitors in series, can 
we replace them by an equivalent capacitor? The answer is yes, if we 
take the initial condition of each capacitor into consideration. In 
so doing, we have reduced the order of complexity by 1; but we 
have also lost some information in the process. Since we shall not 
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encounter these subtle points in the remainder of this book, or in 
most practical networks, let us proceed to the next section. 


Exercise 1: Define state variables, order of complexity, and number of independ- 
ent initial conditions. What are the relationships between these three concepts? 


Exercise 2: State a simple criterion for guaranteeing that the order of complexity 
is equal to the number of energy-storage elements. 


Exercise 3: Energy-storage elements are said to possess memories. Explain why. 


Exercise 4: Find a simple example showing how a controlled source may intro- 
duce an additional constraint not considered in the theorem on the order of com- 
plexity of dynamic RLC networks. 


Exercise 5: (a) Show that under the assumption of zero initial conditions, a two- 
terminal black box containing only inductors (capacitors) can be replaced by an 
equivalent inductor (capacitor). (b) Show that the series- and parallel-combination 
techniques for resistive networks are applicable here. State the corresponding 
procedure in terms of the i-@ (v-q) curves. 


Exercise 6: Generalize the theorem on the order of complexity of dynamic RLC 
networks to include linear n-terminal resistors such as ideal transformers, 
gyrators, rotators, and reflectors but not controlled sources. 


13-3 BASIC PRINCIPLES FOR ANALYZING DYNAMIC NETWORKS 


One of the most basic principles for solving a new problem in any 
discipline is to resolve the problem into a number of simpler inter- 
related subproblems whose solutions can be obtained by known 
techniques. Using this principle, we shall resolve a dynamic net- 
work WN into an interconnection of two subnetworks, namely, an 
energy-storage subnetwork Ny, and a resistive subnetwork No. The 
energy-storage subnetwork JN, is obtained by extracting all energy- 
storage elements, two-terminal, three-terminal, . . . , n-terminal in- 
ductors and capacitors, from the dynamic network N. What 
remains is the resistive subnetwork N2 containing all linear and 
nonlinear resistors, independent and controlled sources, ideal 
transformers, gyrators, rotators, NIC, etc. 

For the purpose of this book we shall consider only two- 
terminal inductors and two-terminal capacitors as the energy- 
storage elements. Under this condition the energy-storage subnet- 
work N; can be redrawn explicitly as shown in Fig. 13-5d. In this 
case, the resistive subnetwork Nz becomes an n-port network. 

To analyze the dynamic network shown in Fig. 13-55, the first 
step is to obtain the equations of motion in the normal form in 
terms of the state variables iz, or gz, of the inductors and 
Uc, OF qc, of the capacitors. The next step is to solve these differ- 
ential equations. This is the most difficult task in the analysis and 
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isti isti Resistive 
Resistive Energy - storage Resistive 
subnetwork subnetwork subnetwork — subnetwork 2 ia 
N, Ny 
_—— 


(a) 


Fig. 13-5. Any dynamic net- 
work can be resolved into an 
energy-storage subnetwork and 
a resistive subnetwork. The 
energy-storage subnetwork can 
be replaced by ac sources for 
the purpose of analyzing the 
resistive subnetwork. 


will be considered in detail in the succeeding chapters. Meanwhile, 
let us assume that the solution of the network is unique and has 
been obtained in terms of the state variables i, and vo,, namely, 


ip, (t) > T(t) J = 
eQO=EQ fj 


1 2a geoesames 
kK+1,k+2,...,n 


(13-11) 
(13-12) 


Observe that if the solution is obtained in terms of the state 
variables gz, and qc,, we can easily obtain iz,,(t) by a graph- 
ical composition between px,(t) and the iz,-pz; curve of inductor 
L,. Similarly, we can easily obtain v¢,(t) by a graphical composi- 
tion between qo,(t) and the v¢,-gc; curve of capacitor C,. There is, 


I, (t) 


I, (t) 


I, (t) 


Ey 41 (1 


Exy2 (1 


E,, (t) 
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therefore, no loss of generality to assume that the solution of the 
normal-form equations is given by Eqs. (13-11) and (13-12). 

Observe that these equations represent the solution of the 
energy-storage subnetwork N; only; namely, the inductor currents 
i,,(t) and the capacitor voltages u¢,(t). To find the voltage and cur- 
rent solutions of the elements inside the resistive subnetwork No, 
we can apply the current-source substitution theorem and the 
voltage-source substitution theorem of Chap. 7 and replace the in- 
ductors of N; by appropriate current sources and capacitors of Ny 
by appropriate voltage sources, as shown in Fig. 13-5c.¢ The re- 
sulting network is purely resistive and is equivalent to the original 
network. Therefore, we can apply the techniques developed in 
Part 2 to obtain the solutions inside No. 

The above observation is a fundamental result. It shows that 
the solution of the energy-storage subnetwork completely specifies 
the solution of the resistive subnetwork. This is equivalent to say- 
ing that the state variables in the normal-form equation constitute 
the minimum set of variables from which all other variables in the 
network can be calculated. Since the order of complexity is equal 
to the number of state variables in the normal-form equations, we 
can also conclude that the order of complexity is equal to the 
minimum number of initial conditions that must be specified in 
order to specify the solution of the complete network. 


13-4 DERIVING NORMAL-FORM EQUATIONS FROM 
THE CHARACTERISTICS OF THE N-PORT SUBNETWORK 


In Chap. 4 the normal-form equations of a dynamic network are 
obtained by eliminating and substituting variables from the equa- 
tions of motion. Although this procedure is quite general, it is 
sometimes very involved. We shall now describe another proce- 
dure for obtaining the normal-form equations of the dynamic net- 
work shown in Fig. 13-5b.1 This procedure is valid, provided that 
the number of energy-storage elements is equal to the order 
of complexity of the network. Hence, we shall assume that the 
dynamic network contains neither cut sets of inductors and cur- 
rent sources nor loops of capacitors and voltage sources. This 
assumption is usually satisfied in practice.” 


13-4-1 NORMAL-FORM EQUATIONS FOR FIRST-ORDER NETWORKS 


A first-order network containing one energy-storage element can 
be represented either by the one-inductor network shown in Fig. 
13-6a or the one-capacitor network shown in Fig. 13-60. 
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+ These theorems are appli- 
cable here since we assume 
that the solutions are 
unique. 


1Although this alternate 
procedure is not neces- 
sarily easier for higher- 
order networks (nv > 2), it 
has more conceptual value 
for our subsequent discus- 
sions. Among other things, 
it reveals the intricate 
relationship between the 
energy-storage subnetwork 
and the resistive subnet- 
work. 


2 In fact, to be more realistic, 
we must include the para- 
sitic elements. Hence, if 
there is a cut set of induc- 
tors and current sources, 
we can always introduce a 
parasitic capacitor or re- 
sistor across one or more 
inductors in the cut set, 
thereby eliminating the in- 
ductor-current-source-only 
cut sets. Similarly, a capac- 
itor - voltage - source - only 
loop can be eliminated by 
introducing a parasitic in- 
ductor or resistor in series 
with one or more capaci- 
tors in the loop. 
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Fig. 13-6. Two first-order net- 
works containing one energy- 
storage element. 


+ See the first fundamental 
theorem of dc-resistive 
networks in Sec. 5-6. 
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Resistive Resistive 
subnetwork 


N2 


subnetwork 
Ny 


(a) (b) 


Since N2 is a resistive network, it has a DP plot at any time 
t.f Let us denote it by 


fliv,t) = 0 (13-13) 


At any time ¢ Eq. (13-13) represents one DP plot. This can be de- 
rived by the principles described in Part 2. 

Consider first the inductor network shown in Fig. 13-6a. In 
this case it is convenient to express Eq. (13-13) in the form 


0 Kit) 
Since v = vy, = dq /dt, we have 


dO 
on = RGD (13-14) 


If the inductor is characterized by a flux-controlled curve 
in = if) (13-15) 


then since i = —i,, we can substitute Eq. (13-15) for i in Eq. 
(13-14) to obtain 


= Rig) (13-16) 


Equation (13-16) is now in the normal form with the flux linkage 
¢y as the state variable. 


EXAMPLE 


Consider the first-order network shown in Fig. 13-7a containing a 
neon bulb whose v,-i; curve is shown in Fig. 13-7b and a nonlinear 
inductor described by 
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i, = tanh » (13-17) 

To obtain the normal-form equation, we first redraw the given 
network into a one-port resistive subnetwork N2 terminated by the 
inductor as shown in Fig. 13-7c. Our next task is to derive the DP 


plot across terminals a-b of this one-port network. If we denote 
the current-controlled v;-i, curve of the neon bulb by 


V1 = fi(ix) (13-18) 
then by KVL we obtain 
v = 20) + A@ + @ — 2 sin A(10) — 5 


where i = ij is expressed in milliamperes. This equation can be re- 
written in the form 


v= R(t) = fA) + 307 — 5 — 20 sint (13-19) 


From this we obtain the normal-form equation upon substituting 
Egs. (13-19) and (13-17) into Eq. (13-16); thus 


a — f(—tanh g) — 30 tanh p — 5 — 20 sins (13-20) 


The term f;\(—tanh g) represents a function of p obtained by 


a graphical composition between /,(i) and i = —tanh 9. 
If the inductor is characterized by a current-controlled curve 


y = Wiz) (13-21) 
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Fig. 13-7. Example of a first- 
order network containing a 
neon bulb and a_ nonlinear 
inductor. 
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then by applying the chain rule to Eq. (13-14), we can obtain the 
normal-form equation in terms of the state variable iz, namely, 


eR a 
di, dt (i151) 
Or 
eG (13-22) 
di Ts) 


where L(iz) denotes dp/diy, the incremental inductance. In the 
special case where the inductor is linear, p = Li, and Eq. (13-22) 
reduces to 


= 13-23 
dt L ( ) 


We can derive the normal-form equation for the capacitor 
network shown in Fig. 13-65 by a dual procedure. We first derive 
the DP plot across terminals a-b in the form 


P= CG) 


If the capacitor is characterized by a charge-controlled curve 
Uc = Uc(q), then the normal-form equation takes the form 


A = —Gt0dg)) (13-24) 


where the capacitor charge q is the state variable. 

On the other hand, if the capacitor is characterized by a 
voltage-controlled curve g = Q(vc), then the normal-form equa- 
tion takes the form 


dve _ __Glvo,t) 
dt a. C(vc) 


(13-25) 


where the capacitor voltage ug is the state variable and where 
C(ve) denotes dq/dvc, the incremental capacitance. In the special 
case where the capacitor is linear, g = Cuc and Eq. (13-25) re- 
duces to 


dvg = G(U¢,t) 
a ee. 
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Observe that in all cases, the normal-form equation of a first- 
order network is always of the form 


a& 


TIO) (13-27) 


The state variable x is either @ or i, for an inductor network and 
is either g or vc for a capacitor network. Observe that in all cases, 
the function f(x,t) in Eq. (13-27) is obtained by deriving the 
v-i characteristics of the one-port resistive subnetwork No. 

In the special case where the network is autonomous,! Eq. 
(13-27) reduces to 


& = f(x) (13-28) 


In this case the function f(x) consists of only one curve which can 
be easily derived from the DP plot of Ne. 


13-4-2 NORMAL-FORM EQUATIONS 
FOR SECOND-ORDER NETWORKS 


A second-order network containing two energy-storage elements 
may assume one of the three possible forms shown in Fig. 13-8a 
to c. To obtain the normal-form equations, the first step is to de- 
rive the relationship between the variables ij, i2, v1, and v2 of the 
two-port resistive subnetwork Np. 

Consider first the two-inductor network shown in Fig. 13-8a. 
Let us assume that the characteristics of No have been derived and 
expressed in the following form?: 


(13-29) 
(13-30) 


ut = Ryx(i4, 12,0) 
bh) — R2(i1,i2,1) 


If the inductors are characterized by iz, = iz,(p1) and i, = iz,(%2), 
then since Uy, =U = dq:/dt, Up. = 02 = dp2/dt and i, = —ip,; 
ig = —iz,, the normal-form equations in terms of the state vari- 
ables g1 and ge are given by 


ace Rte Gs in@2),0) (13-31) 
BE RA = i,(o0,—i1.(p2)) (13-32) 


dt 
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1 Recall that a dynamic net- 
work is autonomous if it 
does not contain ac 
sources. 


2 Review Sec. 3-2-1 on the 
six common forms of 
representation. 
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Resistive 
subnetwork 


N2 
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Fig. 13-8. Three possible sec- 
ond-order networks containing 
two energy-storage elements. 
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Resistive Resistive 


subnetwork ; subnetwork i 
No No 


On the other hand, if the inductors are characterized by yi = ®1(iz,) 
and gz = ®2(iz,), then by applying the chain rule, we obtain the 
following normal-form equations in terms of the state variables iz, 
and iy: 


diz, = Ri(—iz,,—iz,,1) 


ao Ly(in,) a 
dir, ey Rol = nee = brsch) 
dies i) eal Tea 


where Ly(iz,) denotes dp1/diz,, and Le(iz,) denotes dp2/diz,. In the 
special case where both inductors are linear, gp, = Liiz, and g2 = 
Laizt,, Eqs. (13-33) and (13-34) reduce to 


diz, > Ri(— ig tg) 


i : (13-35) 
dir, pi Ro —in,,—in»,t) 
5 eae 


The normal-form equation for the two-capacitor network can 
be obtained by dual procedures. In this case we derive and express 
the characteristics of the two-port resistive network Nz in the 
following form: 


iy = Gy(V1,02,t) (13-37) 
ig = Go(v1,V2,t) (13-38) 
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If the capacitors are characterized by ve, =v¢,(q1) and ve, =v¢,(42), 
then the normal-form equations in terms of the state variables q 
and ge are given by 


de 
Ae = ~ Glver(qa)sPeo(q2)sb (13-39) 
d 
Ap = ~ Grlve,(q).0e(q2).t) (13-40) 


If the capacitors are characterized by q1 = Q1(vc,) and gz = Qa(v¢,), 
then the normal-form equations in terms of the state variables uc, 
and ug, are given by 


advo, rh — Gy(U¢,,Ve,t) 


nh 13-41 
dt Cx(v¢,) . 
dvc, — G2(U¢,,Vc,,t) 
2 _ —Ga(e,,005t) 13-42 
dt C2(vc.) 


where Ci(vc,) denotes dg1/dvc,, and C2(vc,) denotes dq2/dvc,. 

In the special case where both capacitors are linear with 
capacitances C; and C2, respectively, Eqs. (13-41) and (13-42) re- 
duce to 


dic — G,(Uc WO») 
= 13-43 
dt Ci ( ) 
dave, ae Go(ve, VOr5t) 
| an SA 13-44 
dt Co ( ) 


For the inductor-capacitor network shown in Fig. 13-8c, it is 
necessary to derive the characteristics of N2 in the following hybrid 
form: 


i= F7,(i1,02,0) (13-45) 
a A2(i1,V2,0) (13-46) 
If the inductor and the capacitor are characterized, respectively, by 


in, = iz,(p1) and veg, = ve,(gz2), then the normal-form equations in 
terms of the state variables p; and qz2 are given by 


as = Ay(—iz,(91),V0.(42),t) Sep) 
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LIE pe sea (13-48) 
de = 2( it,(P1),V02(42),t) 
If the inductor and capacitor are characterized, respectively, by 
g1 = 9,(iz,) and gz = Qo(vc,), then the normal-form equations in 


terms of the state variables i, and ug, are given by 


diz, Ay(— di,s0Gs.6) 


_ Fi(—in, bent) (13-49) 
dt Ly(it,) 

Brie. = HAG EBON) (13-50) 
dare C2(v¢e,) 


where Li(iz,) denotes dp1/diz,, and C2(vc,) denotes dq2/dve,. 

In the special case where the inductor is linear with inductance 
L, and the capacitor is linear with capacitance C2, Eqs. (13-49) 
and (13-50) reduce to 


diz, A1y(—iz,,0e>5t) 


Sees (13-51) 
dve, — Ax — ins VC>5t) 
GNGs Lg NS ae) 13- 

a G (13-52) 


Observe that in all cases, the normal-form equations of a 
second-order network are always of the form 


dx 1 


aye = fi(%1,X2,t) (13-53) 
d 
oe = folX1,X2,0) (13-54) 


In the special case where the network is autonomous, Eqs. (13-53) 
and (13-54) reduce to 


d 

oe = fi(%1,%2) (13-55) 
t 

d 

Be = fycey.x2) (13-56) 


Observe that in each case, the functions /; and f2 are easily obtained 
from the relationships characterizing the two-port resistive sub- 
network No. 


Basic concepts of dynamic nonlinear networks 


To illustrate the above procedure, let us derive the normal-form 
equation for the network shown in Fig. 4-15 of Chap. 4. First, let 
us redraw this network in the form of a two-port resistive network 
Nz terminated in an inductor and a capacitor, as shown in Fig. 
13-9. The characteristics of the elements are given as before. 


Three-terminal resistor 


iy = 1 + vy + 304i23 — 4i25 (13-57) 
Dy St = ig0, — 2ip2vy> + U43 (13-58) 
Capacitor 

3 = 2 — 3v33 + 5u35 (13-59) 
Inductor 

G4 = 1 + 2ig — 31g? + 18 (13-60) 


In accordance with Eqs. (13-45) and (13-46) our first step is to 
derive the relationship characterizing Ne in the following form: 


i = F1y(ig,U»,L) 
Ip — Ho(ig,Vp,t) 


3 - terminal 
resistor 
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Fig. 13-9. To derive the 
normal-form equations, the 
network of Fig. 4-15 is redrawn 
into a resistive subnetwork and 
an energy-storage subnetwork. 
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From Fig. 13-9 we obtain 


vy = 2 — vy (13-61) 
ip See, (13-62) 
V2 = Va (13-63) 
lg = —5 COS Wot + ig (13-64) 


Substituting Eqs. (13-61) to (13-64) for 44, iz, v1, and v2 in Eqs. 
(13-57) and (13-58), we obtain 


Ua = 4 — (—5 cos wot + ig)h(2 — Up) 
2 2( 5'cos eof EC — ae CO tee ee) 
®= —l— (2 — Up) — 3(2 — Up —5 COS Wot + ig)? 
+ 4(—5 cos wot + ig) (13-66) 


From Egs. (13-59) and (13-60) we obtain 


8s = Coy = 90? 2504; (13-67) 

dv3 

ts = L4(i4) = 2 — 6i4 + 3i4? (13-68) 
4 


If we substitute Eqs. (13-65) to (13-68) into the corresponding 
terms in Eqs. (13-49) and (13-50), we obtain the following normal- 
form equations: 


4 — (—S cos wot — i4)(2 — v3) 


Be et = AS eos on Sa Se Cree 
dt i 6i4 a 3i4? 

1 + (2 — v3) + 3(2 — v3)(—5 cos wot — i4)3 
dvz _ — 4(—5 cos wot — i4)8 
“Or —9v32 + 25v34 


Observe that the above equations are identical with Eqs. (4-49a) 
and (4-49b) derived earlier in Chap. 4. 


13-4-3. NORMAL-FORM EQUATIONS FOR nTH-ORDER NETWORKS 


An nth-order network containing n energy-storage elements may 
assume the general form shown in Fig. 13-56, where 0 < k <n. 
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When k = n, the network becomes an n-inductor network, and 
when k = 0, the network becomes an n-capacitor network. 

To obtain the normal-form equations, we must derive the 
characteristics of the n-port resistive network N2 in the hybrid form. 


Pit ed 1 Io oo sh U RG 10:25 © -.« not) 


Oe = Alo, ~ sfUen OK 2, « Pt) 
(13-69) 


Bese Ae At 1585, +, < + Les Ok 10h ios-<« » Unot) 


i = Ai, (i1,i2, er: lksVk41,0k425 cee sUait) 
If the inductors and capacitors are characterized, respectively, by 


in, =in,(9)) j=l2,...,k (13-70) 
Votg)  JHk +L + 2,205.0 (13-71) 


UG; 


then the normal-form equations in terms of the state variables 91, 
P25 «+ +> Pk» Uh+1> Uk+2, +++» Yn are given by 


os = Ay(—irz, (91), —iz.(G2), --- 
— Ir, (Pk) VC (Gk+V> cee VEn(Gn)st) 
oe = Ay,(—iz,(1),—ite(G2),---; 
— 11, (Pk) VC1(Get1)> «+ +» VEn(Yn)st) (13-72) 
Mid = — His —iny(Ps)s— inal 2) 
— 11, (Pk)VCp.1(Gk+1)> sae UC,(n).t) 
“tp = —H,(—iz,(91), —in(%2), --- >» 


— ip, (Pk) VCpr(Gk+ > ORO VOn(Gn)st) 


Similar expressions can be derived for the case where the inductors 
are current-controlled and capacitors are voltage-controlled or for 
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the case where all elements are linear. In all cases the normal-form 
equations of an nth-order network are always of the form 


dx 1 


Se = filr1,x2, DHRC Xnst) 
dt 
dx2 = 
Fp = faleeara, +X nsl) (13-73) 
os = fulX1 02s ee Xnyl) 


In the special case where the network is autonomous, the 
normal-form equations reduce to 


a = fi X4,X25 piste Xn) 

dx 

7 = for1,X2, ©: Xn) (13-74) 
AXn 

ae = faci, te Xn) 


In either case, the right-hand side of these equations can be easily 
obtained from the relationships characterizing the n-port resistive 
network No. 


Exercise 1. List all possible combinations of state variables in the normal-form 
equations for a network with three energy-storage elements. 


Exercise 2: Find the general expressions for the normal-form equations of 
an nth-order network corresponding to the following cases: (a) All inductors are 
current-controlled, and all capacitors are voltage-controlled. (6) All energy- 
storage elements are linear. 


13-5 TRAJECTORY OF SOLUTIONS IN THE STATE SPACE 


Consider an arbitrary nth-order network whose equations of 
motion have been obtained in the normal form. One of the most 
fundamental problems in dynamic network theory consists of de- 
termining the solution of this system of n first-order nonlinear 
differential equations subject to a prescribed set of initial condi- 
tions; namely, x7 = X44) Xe == ayy ry and, ee | ne rsohution 
consists of n time functions x1 = X1(0), x2 = Xo(d), .. . , Xn = Xn (0) 
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such that upon substituting these into Eq. (13-73), we obtain the 
following two sets of identities:1 


any. = fi(Xi(O, X2(0), eas »Xn(t),t) 


aun = OGD ate kc) (13-75) 
ae = f(Xi(0,X20), .. . Xn(Y,1) 

X4(to) 25 

Xo(to) = x2, (13-76) 
Xn{to) —— Xiang 


With the present state of the art it is very difficult and often 
impossible to determine the solutions X4(A), Xo(0), .. . , Xn(f) in ex- 
act analytical form. Fortunately, there are many practical prob- 
lems where it is not necessary to know the exact analytical solu- 
tion. Instead, only certain qualitative aspects of the solution are 
desired. For example, in the design of many practical electronic 
circuits it is necessary to know the maximum voltage across some 
nonlinear device so that its maximum voltage rating can be 
specified. In this case we are interested in only one property of the 
solution, namely, its maximum value. In other problems we may 
be interested primarily in knowing whether the solution X;(¢) 
eventually settles down asymptotically to a constant value or 
eventually oscillates periodically. We shall refer to this property of 
the solution as the steady-state behavior of the dynamic network. 
In order to investigate the qualitative aspects of the solution, 
it is necessary to understand a number of new basic concepts to 
be introduced in the following sections. These concepts are formu- 
lated in terms of the trajectory of solutions described below. 

There are several ways to interpret the solutions x; = X,(0), 
x2 = X2(t),..., Xn = Xn(0) of a dynamic network. The most com- 
mon method is to interpret each solution x; = X;(t) as a curve. In 
this case n separate curves are needed to completely specify the 
solutions. Another method is to represent the n state variables 
X41, X2,..., Xn as the coordinate axes of an n-dimensional space, 
henceforth called the state space. At any time ft = 1;, the solutions 
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1 Notice that we have chosen 
the capital letter X; to de- 
note the solution wave- 
form, as a function of 
time, of the corresponding 
state variable x;. 
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Fig. 13-10. Trajectory of a 
monotonic time function. 


1This term is borrowed 

from classical mechanics, 
where it is used to denote 
the path taken by a 
particle in motion. 
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xy = X4(G), Xo = Xo(G), - |, Me = AG) can’ beinterpreted as the 
coordinates of a point P(z;) in the state space. If we imagine that 
the above interpretation is applied to all times ¢ > fo, the resulting 
points can be connected to form a smooth curve in the state space. 
This curve is called the trajectory of solutions, or simply, the 
trajectory.1 Observe that the parameter ¢ associated with each 
point along the trajectory must be specified in order to recover the 
solutions. A trajectory is incomplete unless this parametrization is 
included. 

It is common practice to refer to any point (x1,X2,... ,X,) in 
the state space as a state of the dynamic network. For example, 
the initial condition (X4,,X2,.--..Xno) is usually called the initial 
state. A trajectory, therefore, always starts from an initial state 
corresponding to f = fo. 

To illustrate the concept of the trajectory of solutions, let us 
consider some specific cases. 


Case 1: Trajectory of first-order networks When n = 1, the solution 
consists of one time function x; = X;(¢). In this case the state space 
is one-dimensional, and the trajectory is simply a segment of the 
coordinate axis x. For example, if X;(A) is as shown in Fig. 13-10a, 
then the trajectory is obtained by projecting the coordinates of each 
point of X;() into a vertically aligned axis with the corresponding 
time interval labeled on it as shown in Fig. 13-105. It should be 
clear that if the time function X,(¢) is not monotonic, then some 
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points along the trajectory will contain more than one time 
parameter. For example, if X1(/) is as shown in Fig. 13-11la, then 
its trajectory is readily seen to be given by Fig. 13-11b. Observe 
that in either case we can reverse the procedure to recover the time 
function X,(¢) from its trajectory. 


Case 2: Trajectory of second-order networks Whenn=2, the solution 
consists of two time functions x; = X,(4) and xz = X2(2). In this 
case the state space is two-dimensional, and the trajectory consists 
of a curve in the x1-x2 plane, otherwise known as the phase plane.+ 
For example, if X3(¢) and X2(¢) are as shown in Fig. 13-12a, then 
the corresponding trajectory is given by Fig. 13-12b. This trajectory 
is called an open trajectory because each point on it corresponds to 
only one instant of time. It is possible to have a trajectory where 
each point on it corresponds to more than one instant of time. For 
example, if X1(¢) and X2(/) are as shown in Fig. 13-13a, then the 
corresponding trajectory is shown in Fig. 13-13. Observe that this 
trajectory forms a closed loop, and hence it is called a closed 
trajectory. Observe also that for the simple waveforms shown in 
Fig. 13-13a, the corresponding trajectory could have been obtained 
analytically by eliminating the variable t; namely, 


2 2 2 2 
a 2 = (sin Z1) + (cos 21) = 1 
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Fig. 13-11. Trajectory of a 
nonmonotonic time function. 


1When n= 2, the state 
space is usually called the 
phase plane for historical 
reasons. In the past, one 
of the two state variables 
was usually called the 
phase, and for n = 2, the 
word plane is preferred 
over the word space. 
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Fig. 13-12. Example of an open 
trajectory of a second-order 
network. 


1 Theoretically speaking, the 
trajectory will approach 
the closed loop only in the 
limit when t— oo, hence 
the term limit cycle. 


Finally, it is also possible to obtain a trajectory which eventually 
approaches a closed loop known as a /imit cycle.1 For example, if 
X,(t) and X(t) are as shown in Fig. 13-14a, then the correspond- 
ing trajectory is given by Fig. 13-14. Observe that the trajectory 
will eventually approach a limit cycle. Clearly, there are many 
trajectories other than those described above. For example, if 
Xx(t) and X(t) are as shown in Fig. 13-15a, then the correspond- 
ing trajectory is as shown in Fig. 13-155. Observe that in all cases, 
the trajectories of second-order networks are simply obtained by a 
graphical elimination procedure. Observe also that if we apply 
X,(t) and X2(t) to the horizontal and vertical terminals of an 
oscilloscope, the resulting Lissajous figure is exactly the trajectory 
corresponding to X4(¢) and X2(¢). 

From the above examples it is clear that if we can obtain the 
trajectory, then some qualitative information about the network 
will be known even if the time parameter is not labeled on it. If 
we know that the trajectory is open and does not approach oo, 
then we know that X;(¢) and X2(¢) must eventually approach 
a constant value and are therefore bounded. The trajectory of Fig. 
13-125 shows that b < x1 < aandd < x2 < c. This information 
might be used to determine whether the rating of a device is ex- 
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2.5, 6.5, 10.5, - - 


ceeded or not. On the other hand, if we know that the trajectory 
eventually approaches a limit cycle, then we know that X3(#) and 
X(t) would eventually approach some periodic waveforms, in 
which case we can conclude that the network is oscillatory. 


Case 3: Trajectory of nth-order networks When n > 2, the solution 
consists of n time functions x; = Xx(4), x2 = X2(t),... , Xn = Xn(0). 
In this case the state space is n-dimensional, and the trajectory 


o 
3 
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Fig. 13-13. Example of a 
closed trajectory of a second- 
order network. 


Fig. 13-14. Example of a tra- 
jectory which approaches a 
limit cycle. 
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(a) 


Fig. 13-15. Example of an ar- 
bitrary trajectory of a second- 


order network. 
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AX2 


consists of a curve in the x 1-x9-----x, space. For example, the 
trajectory corresponding to the three time functions X,(t), X2(d), 
and X3(¢) shown in Fig. 13-16a is readily seen to be given by Fig. 
13-165. It is important to observe that this trajectory is a curve and 
not a surface in the three-dimensional state space. 

When n > 3, it is no longer possible to draw the trajectory, but 
nevertheless it is still useful to visualize the trajectory of an nth- 
order network as a curve (not a surface) in an n-dimensional state 
space. As a matter of fact, the above concept is extremely impor- 
tant, and has found wide application in many diverse fields of 
study such as control systems, biological systems, and even eco- 
nomic systems. 


Exercise 1: Sketch the trajectories corresponding to the following solutions 
of some first-order networks: (a) uc(t) = 10e-t — 5, t > O. (b) i(t) = 100e-°-1¢, 
Okt —eLONi t= 200252 26s) Oar —anooe 


Exercise 2: Sketch the trajectories corresponding to the following solutions 
of some second-order networks: (a) qi(t) = 10 sin ¢, g2(t) = 20 cos ¢, t> 0. 
(b) qx) = 10e~* sin t, go(t) = 20e~* cos t, t > O. (c) g(t) = 10et sin t, go(t) = 
20et cos t, t > O. 


Exercise 3: Give a simple test for determining whether the trajectory correspond- 
ing to X4(¢) and X2(¢) will or will not intersect itself. 


Exercise 4: If the following statements are true, prove them. If not true, give 
counter-examples and state the conditions under which they are true. (a) The 
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trajectory of a first-order network has a uniform time scale if, and only if, 
the corresponding solution X(t) is a piecewise-linear function of time. (b) The 
trajectory of a second-order network corresponding to X,(t) and X2(/) is piecewise- 
linear if, and only if, both X4(t) and X(t) are piecewise-linear. 


13-6 EQUILIBRIUM STATES OF AUTONOMOUS NETWORKS 


Intuitively, a physical system is said to be in equilibrium if its 
motion does not vary with time. By motion we mean the solutions 
to the normal-form equations of the system. In a dynamic network, 
the motion corresponds to the solutions x1 = X4(4), x2 = X2(d),..-., 
Xn = X,(t) of Eq. (13-73) or Eq. (13-74), where x1, x2, ..., Xn are 


Fig. 13-16. Example of a tra- 
jectory of a third-order network. 
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1In the theory of differen- 
tial equations the equilib- 
rium states corresponding 
to a system of autonomous 
differential equations in 
the normal form are called 
singular points. We shall 
use the term equilibrium 
state in this book because 
it conveys more physical 
meaning. 
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the state variables. Hence, the network is in equilibrium if, and 
only if, 


a — 


dt 
(13-77) 


simultaneously. These identities imply that the solutions are con- 
stants; namely, 


Dae = ky 

= 
iain (13-78) 
Xn = Ks 


This equilibrium solution (kj,ke, ...,kn) represents a point in the 
state space and is henceforth called an equilibrium state of the 
network. 

An examination of Eq. (13-73) of a nonautonomous network 
reveals the impossibility of obtaining a constant solution in the 
form of Eq. (13-78). This is because the terms on the right-hand 
side of Eq. (13-73) contain the parameter ¢, and therefore the solu- 
tion must also be functions of t; otherwise, the two sides of this 
equation cannot be identical. This observation shows that only 
autonomous networks can be in equilibrium. Accordingly, only 
autonomous networks will be considered in the following sections. 

It is desirable to know the equilibrium state of a network be- 
cause it represents the steady-state behavior. To determine the 
equilibrium state, we must impose the constraint given by Eq. 
(13-77) on the normal-form equations of an autonomous network 
(Eq. 13-75); namely, 


Jitixa tn) = 
fo(x1,X2, coe in) = 0 


(13-79) 
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The solution of this system of equations is the equilibrium state. 
Since Eq. (13-79) is nonlinear, it may have more than one solution; 
each one qualifies as an equilibrium state. Therefore, an autono- 
mous nonlinear network generally has more than one equilibrium 
state. We shall summarize the above observations as a theorem. 


IMPLICIT EQUILIBRIUM STATE THEOREM 


The equilibrium states of any autonomous network can be deter- 
mined by solving the system of nonlinear functional equations ob- 
tained by equating the right-hand side of the normal-form equa- 
tions of the network to zero. 


Before we can apply the implicit equilibrium state theorem, it 
is necessary to derive the normal-form equation first. For a com- 
plicated network, this step is sometimes very involved. Fortunately, 
the derivation of normal-form equations can be obviated by a 
proper interpretation of Eq. (13-77). To be specific, let us consider 
an autonomous network containing k inductors and (n-k) capaci- 
tors, as shown in Fig. 13-17a. The first k state variables may 
represent either inductor flux linkages g; or inductor currents iz,. 
Similarly, the remaining (n-k) state variables may represent either 
capacitor charges gj; or capacitor voltages vg,. Accordingly, Eq. 
(13-77) may assume either the form? 


2 — 0 fi — II Ds : ; k 
(13-80) 
et ep (ke Lyne HD), «57 
dt 
or the form 
fu — 0 fy aeeti ike 
(13-81) 
BORG IGE DEL) ony 
dt 
But 
ES 
cme he at (13-82) 
dq dq de; 


Sey edged 
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1On certain occasions it 
may be desirable to choose 
a combination of state 
variables made up of ca- 
pacitor voltages and 
charges, as well as induc- 
tor currents and flux link- 
ages. In this mixed case, 
Eq. (13-77) assumes the 
form of both Eqs. (13-80) 
and (13-81). 
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Therefore, in either case Eq. (13-80) or Eq. (13-81) is equivalent to 


v= 0 poasgee ok 


(13-83) 
ic, SON ae Tee et 

We have shown that in the case of an autonomous network, the 
constraint imposed by Eq. (13-77) is equivalent to the constraint 
given by Eq. (13-83). 

But Eq. (13-83) can be interpreted simply as replacing each 
inductor by a short circuit and each capacitor by an open circuit, 
as shown in Fig. 13-17b. Observe that the resulting network is 
purely resistive and is therefore amenable to the analysis techniques 
developed in Part 2 of this book. Let the solution be given by 


lig =o i eR es 


(13-84) 
Ve, = J=(k 4+ 1), (& + 2),...,0 

If the pertinent state variables are iz, and v¢,, then the equilib- 
rium state is given by the point (/1,Jo,.. . Jk, Fn+1,EK+2, .. - En). 
On the other hand, if the pertinent state variables are q; and q;, 
then we can easily obtain 


Gi OF el ee 
from the 9j-vs.-iz, curve and 
gg = OME) j=(kK4+ 1), & + 2),...,n 


from the gj-vs.-vc, curve. In this case the equilibrium state is given 


by the point (®,(14), ®2(/2), od ®,.(C;), On41(Ex+1); Ox42(Ex+2), 
..., Q,(E»)). The above interpretation is important enough to be 
stated as a theorem. 


EXPLICIT EQUILIBRIUM STATE THEOREM 


The equilibrium states of an autonomous network can be deter- 
mined by solving for the short-circuit currents and open-circuit 
voltages of the n-port resistive network obtained by replacing each 
inductor by a short circuit and each capacitor by an open circuit. 


This theorem reduces the problem of determining the equilib- 
rium states of a dynamic network to the operating-point problem 
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de- 
resistive 


de- 
resistive 


subnetwork 


Ny 


Fig. 13-17. The equilibrium 
state of an autonomous net- 
work can be obtained by solv- 
ing for the terminal currents 
and voltages of the resistive 
network obtained by replacing 
each inductor by a short cir- 
cuit and each capacitor by an 
open circuit. 


(6) 


of a resistive network. The principles developed in Part 2 of this 
book are therefore applicable here. 


13-6-1 EQUILIBRIUM STATES OF A SWITCHING CIRCUIT: 
A NUMERICAL EXAMPLE 


Consider the tunnel-diode switching circuit shown in Fig. 13-18ay 


and tunnel-diode v-i curve shown in Fig. 13-185. The load-line 7 Except for the element 
values, this circuit was 


construction shows three operating points, namely, Q1(¥1 = 0.06 considered earlier in Fig. 
volt, i = 0.76 ma), Oo(v; = 0.29 volt, i = 0.6 ma), and Q3(v; = 0.88 6-5. 
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1.5kQ 


=| 1.2 volts 


(a) 
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Dynamic model of 
a tunnel diode 


L(5nH) 


i=g(v) 


1.2 volts 


0.240.4 0.6 0.8f 1.0 1.2 
0.29 0.88 


C 
(2 pF) 


(c) 


(b) 


- | 1.2 volts 
I 


1.5 kQ 


1.2 volts 15kQ 


(d) 


Fig. 13-18. To resolve the 
operating-point paradox, the 
dc-resistive tunnel-diode 
switching circuit is transformed 
into a second-order dynamic 
network by replacing the tun- 
nel diode with a dynamic 
model. 


1 The synthesis of an appro- 
priate dynamic model for 
a physical device is a very 
difficult problem. Until a 
general theory is available, 
each device must be han- 
dled as a separate entity 
where the model is usually 
obtained from physical 
principles and intuitions. 


volt, i = 0.2 ma). We know, of course, that only one operating 
point can be observed at any given time. The operating-point 
paradox (Sec. 5-5) questions the significance of these contradictory 
results. We shall now show that this paradox can be easily resolved 
by interpreting the operating point of a resistive network not as a 
physical solution but as an equilibrium state of an associated dy- 
namic network obtained by including the parasitic elements. Once 
this step is taken, the operating-point paradox disappears because, 
as will be shown in the following section, not all equilibrium states 
are physically observable. 

The dynamic network associated with this circuit can be easily 
obtained by connecting a parasitic inductance L and a parasitic 
capacitance C to the tunnel diode as shown in Fig. 13-18c. The 
three elements enclosed by the black box constitute a dynamic 
model of the tunnel diode.t This model is usually supplied by the 
manufacturer of the device with the pertinent parameter values. In 
this case, the parameters of the chosen tunnel diode are given by 
£=5 nH (1 nanohenry = 10-9 henry) and C = 2 pF (1 pico- 
farad = 10-1 farad). To find the equilibrium states of this second- 
order network, let us first redraw the network into the form of a 
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two-port resistive network with the inductor and capacitor con- 
nected across ports 1 and 2, respectively, as shown in Fig. 13-18d. 
Let us find the equilibrium states of this network by two methods. 


Method 1 This method applies the implicit equilibrium state 
theorem and therefore requires that we derive the normal-form 
equation first. In order to do this analytically, we have approxi- 
mated the v-i curve of the tunnel diode in Fig. 13-185 by the 
following polynomial?: 


i= gv) = 17.76v — 103.79v? + 229.62v3 — 226.314 

+ 83.7205 ma (13-85) 
The normal-form equations are easily obtained by the method 
described earlier in Sec. 13-4; namely,? 


diz, mst 1.2 — (1.5)(108)iz, + ve, (13-86) 
ae. 5(10-°) 
dv, =H, zt g(Vc,)(10-3) 
a = SC Oe (13-87) 
where 
g(Uc2) = 17.76v¢e, — 103.79v¢,2 + 229.62v¢,3 — 226.3 1luv¢,4 
+ 83.72u¢,5 (13-88) 


We can now apply the implicit equilibrium state theorem and 
equate Eqs. (13-86) and (13-87) to zero. 


(13-89) 
(13-90) 


bed LL O2 Ep, 4 Dey, 0 
—ip, — g(Vc,)(10-%) = 0 

To solve for iz, and vc,, we substitute Eq. (13-90) for iz, in Eq. 
(13-89). 


~1.2 + 1.5(108)[g(vc,)(10-3)] + ve, = 0 (13-91) 


Substituting Eq. (13-88) for g(vc,) in Eq. (13-91) and simplifying, 
we obtain 


125.58u¢,5 — 339.47v¢,4 + 344.43v¢,3 — 155.700, 
Seo iilngpetel.2.=-.0, (13-92) 
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1 For details on how to ap- 
proximate a curve by a 
polynomial, see Appendix 
A-3 and J. A. Narud and 
C. S. Meyer, A Polyno- 
mial Approximation for 
the Tunnel-Diode Char- 
acteristic, JEEE Trans. 
Circuit Theory, (Corre- 
spondence), vol. CT-10, 
p. 526, December, 1963. 


2It is important that we 
maintain a consistent set 
of units throughout the 
derivation. For this ex- 
ample the units of i,, and 
Ug, are amperes and volts. 
This means that the poly- 
nomial g(v) = g(vc,) in Eq. 
(13-85) must be multiplied 
by the factor 1073. 
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+ For polynomial equations 
there exist several numer- 
ical techniques which will 
find all roots. Unfortu- 
nately, if the equation is 
not in polynomial form, 
then numerical techniques 
may fail to give all solu- 
tions. 
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This is a fifth-degree polynomial equation and can be solved by 
numerical techniques. With the help of a computer, Eq. (13-92) is 
found to have three real solutions;} vc, = 0.06, 0.29, and 0.88 volts. 
Substituting these three values for ve, in Eq. (13-90), we obtain 
iz, = —0.76, —0.6, and —0.2 ma. The network, therefore, has the 
following three equilibrium states: 


Equilibrium state 1: ip, = —0.76 ma Ve, = 0.06 volt 
Equilibrium state 2: ir, = —0.6 ma Vo, = 0.29 volt 


Equilibrium state 3: ir, = —0.2 ma Vo, = 0.88 volt 
(13-93) 


Method 2 Let us now apply the explicit equilibrium state theorem 
by replacing the inductor by a short circuit and the capacitor by 
an open circuit, as shown in Fig. 13-18e. The equilibrium states, 
therefore, coincide with the (iz,,vc,) coordinates of the operating 
points of this resistive network. Observe that this circuit is identical 
with the original circuit in Fig. 13-18a. Hence, the same set of 
operating points obtained earlier by the load-line construction 
method constitutes the equilibrium states; namely, 


Equilibrium state 1 (Q)): 

tis ——— —0.76 ma UC —— 0 0.06 volt 
Equilibrium state 2 (Q2): 

in, = —i, = —0.6 ma Uc, = V= 0.29 volt (13-94) 
Equilibrium state 3 (Q3): 

ir, = —iy = —0.2 ma Uc, = Vv = 0.88 volt 


A comparison between Eqs. (13-93) and (13-94) shows the same 
answers, as it should. Observe, however, that the second method 
is much easier to apply. 


13-6-2 RELATIONSHIP BETWEEN TRAJECTORIES 
AND EQUILIBRIUM STATES 


The solutions x1, X2,..., Xp, of an nth-order autonomous network 
corresponding to some prescribed initial condition (1,,X2,; - . - Xno) 
are generally functions of time x1 = X,(t), x2 = X2(t),...,Xn = 
X,(t). In most practical networks, these motions eventually settle 
down to some constant values ky, ko,...,kn. In this case the 
motion is said to be converging toward the equilibrium state 
(k1,ko,...,kn). Since the motion of a network is completely de- 
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Q 


05, 029) 


1 | 
(—0.76, 0.06) | 


ie) ma 


scribed by its trajectory starting from the prescribed initial state, 
it follows that the associated trajectory must eventually arrive at 
the equilibrium state of the network. 

If a network contains m equilibrium states, then depending on 
the initial state, the trajectory can converge toward only one 
of them. For example, let us consider the switching circuit shown 
in Fig. 13-18c again. The equilibrium states of this network are 
plotted in the iz,,-vs.-vc, plane as shown in Fig. 13-19. By principles 
to be described in Chap. 19, it can be shown that the trajectory 
starting from the initial state P; converges toward the equilibrium 
state Q3, whereas the trajectory starting from the initial state P, 
converges toward the equilibrium state Q. It will also be shown 
that no matter what the initial state is, no trajectory can ever con- 
verge toward the equilibrium state Q?.+ Observe that when the 
network is in equilibrium at Q; or at Q3, the parasitic inductor 
can be replaced by a short circuit, and the parasitic capacitor by 
an open circuit. In either case the dynamic network of Fig. 13-18d 
reduces to the resistive network of Fig. 13-18a. 

Using these observations, we can now conclude that although 
the original resistive network shown in Fig. 13-18a has three pos- 
sible operating points, it will operate only at Q; or at Q3, depend- 
ing on the initial voltage across the parasitic capacitor. 


Exercise 1: Consider the same switching circuit shown in Fig. 13-18d, but this 
time let both inductor and capacitor be nonlinear. If the inductor is characterized 
by i, = (10~7q1)!/3 amp, and the capacitor is characterized by vg, = (10%q2)/3 
volts, find the equilibrium states in terms of the state variables gy and qo. 
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Fig. 13-19. Depending on the 
initial state, the trajectory may 
converge either toward Q3 or 


Qi. 


{+ The only exception here 
corresponds to the case 
where the initial state hap- 
pens to be Qo. In this case, 
the network remains at 
rest, and the corresponding 
trajectory degenerates to 
the point Q». This situa- 
tion will never occur in 
practice because the slight- 
est perturbation will cause 
the trajectory to leave Qo. 
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1 The trajectory cannot con- 
verge toward a point in 
the finite plane because, by 
definition, such a point 
would qualify as another 
equilibrium state. This 
would contradict the as- 
sumption that the network 
has only one equilibrium 
state. Actually, the point 
at infinity can also be con- 
sidered an equilibrium 
state. The behavior of the 
trajectories at infinity can 
be determined by perform- 
ing an appropriate mathe- 
matical transformation. 
The details for carrying out 
this analysis can be found 
in more advanced books 
on nonlinear oscillation. 


2 Strictly speaking, all other 
trajectories near the limit 
cycle must, by definition, 
be open. 
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Exercise 2: Find the equilibrium states of the network shown in Fig. 13-18d by 
determining the following two DP plots: (1) The DP plot across the inductor port 
with the capacitor replaced by an open circuit. (2) The DP plot across the capaci- 
tor port with the inductor replaced by a short circuit. 


Exercise 3: Generalize the method used in Exercise 2 for finding the equilibrium 
states of an nth-order autonomous network. 


13-7. STABILITY OF EQUILIBRIUM STATES 


We have just seen an example of an equilibrium state which 
no trajectory can approach. Such an equilibrium state is often 
said to be unstable. A fundamental problem in the theory of 
dynamic networks is to determine the stability or instability of 
equilibrium states. This problem is of great practical significance 
because there are many physical systems which tend to become 
unstable unless properly designed. For example, consider a network 
containing only one equilibrium state. If this equilibrium state is 
unstable, then the trajectory of the network can be only a closed 
loop or an open trajectory which approaches a point at infinity.! 

In the case of a closed-loop trajectory, otherwise known as a 
limit cycle,? the system will oscillate periodically. For example, 
a spacecraft with an unstable equilibrium state might tumble 
in space. This oscillatory motion is clearly undesirable in all cases 
except when the system is originally intended to be an oscillator. 
In the case of an open trajectory which tends towards infinity, the 
system will break down before this happens. For example, in an 
electronic circuit, some component will burn out as soon as its 
maximum voltage rating is exceeded. 

In order to be able to avoid such catastrophic designs, it 
is necessary that we understand the concept of stability in suffi- 
cient depth. Intuitively, an equilibrium state of a physical system 
is said to be stable if, whenever the system is thrown off balance 
from an equilibrium position, it will eventually return to the orig- 
inal position; otherwise, the equilibrium state is said to be unstable. 
Before we formulate a precise definition of the stability of equilib- 
rium states, it is instructive to consider the two simple systems 
shown in Fig. 13-20a and b. In both systems a metallic ball is con- 
strained to move inside a glass tube with a prescribed contour. 

It follows from the principles of mechanics that the equations 
of motion of these systems can be written in the normal form with 
the horizontal displacement x and the horizontal velocity compo- 
nent v, as the state variables. Without writing down the normal- 
form equations, however, it is clear that any point where the ball 
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will remain at rest upon being released is an equilibrium state of 
the system. For example, for the system shown in Fig. 13-20a, 
there is only one equilibrium state, Q1(x = 0,v, = 0). On the other 
hand, there are five equilibrium states in the system shown in 
Fig. 13-206; namely, Ox(x = XQ, V2 = 0), QO2(x = XQ2Vr2 = 0), 
O3(x = XQ302 = 0), O4(x = XQ,,V0r = 0), and O5(x = XQ5V2 = 0). 

Although the above points all qualify as equilibrium states, 
they do not necessarily behave in the same manner when thrown 
off balance. In the case of Q; of Fig. 13-20a it is clear that 
no matter how far we perturb the ball from Qj, the ball will 
always return to Q, eventually because of the friction between the 
ball and the glass tube. Hence, intuitively we say Q, is stable. A 
completely opposite behavior is observed at Q;, Q3, and Qs of 
Fig. 13-20b. Observe that the slightest perturbation of the ball 
from any of these points will result in the ball leaving that point 
forever. Hence, intuitively we say Qi, Q3, and Qs are unstable. 

Consider next the remaining two equilibrium states. Observe 
that when perturbed, the ball at Q2 will eventually return to Qz, 
provided the initial perturbation is not large enough to force the 
ball above point A. Similarly, the ball at Q4 will eventually return 
to Q4, provided the initial perturbation does not carry the ball 
beyond point B. In either case we may say that the ball is stable, 
provided the initial perturbation is small. Observe that this condi- 
tion is not needed in the case of Q, of Fig. 13-20a. In order to dis- 
tinguish the two possible types of stable equilibrium states, we 
refer to Q, of Fig. 13-20a as being stable-in-the-large or globally 
stable. In contrast with this, we refer to Q2 and Q4 of Fig. 13-20b 
as stable-in-the-small or locally stable. 

Let us consider the ideal case where the system shown in 
Fig. 13-20a is frictionless. Observe that if we repeat the above ex- 
periment, the ball will no longer return to its original position but 


Fig. 13-20. Two physical sys- 
tems for illustrating the con- 
cept of the stability of equilib- 
rium states. 
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+This thought experiment 
must be carried out for all 
values of ¢, and corre- 
sponding to each circle C., 
a nonzero radius 6 must be 
found which has the de- 
sired properties. 
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will oscillate forever, passing through point Q; twice every cycle. 
According to our intuitive definition, we would say the equilibrium 
state Q, is unstable. However, this type of instability is very differ- 
ent from that of Q1, Q3, or Qs in Fig. 13-20b. Moreover, since the 
motion is periodic, there is a certain order or regularity that the 
other unstable equilibrium states did not possess. In view of this, 
many scientists prefer to call the above equilibrium state stable, 
while referring to any equilibrium state to which any trajectory 
eventually returns as being asymptotically stable. The above classi- 
fication was first proposed by the Russian mathematician Liapunov 
and is generally accepted today as a reasonably useful definition 
for stability of equilibrium states. As such, we shall now summarize 
the above definitions in more precise terms. 


13-7-1 STABILITY DEFINITION FOR SECOND-ORDER NETWORKS 


Since the trajectories in a two-dimensional phase plane offer a 
much clearer geometrical interpretation, we shall formulate our 
stability definition in terms of second-order networks. The exten- 
sion of this definition to nth-order networks will be given in the 
next section. 

An equilibrium state Q with coordinates (x19,X29) is said to 
be stable in the sense of Liapunov if all trajectories in the neigh- 
borhood of this point satisfy the following thought experiment: 
(1) Given any number «€ > 0, draw a circle C, with radius equal to 
e and center at Q. (2) Find a smaller circle C; with radius 6 > 0 
and also center at Q such that any trajectory which starts from an 
initial state inside this circle will never cross the bigger circle C..+ 

The geometrical interpretation of this experiment is shown in 
Fig. 13-21a. The experiment fails in Fig. 13-21b because some tra- 
jectories starting inside C, would eventually cross C,. On the other 
hand, if all trajectories starting inside C; never cross the circle C., 
as in Fig. 13-21c, then the experiment is satisfied for this particular 
value of «. If it can be shown that the experiment is satisfied for 
all values of €, then the system is stable. Notice that in order to be 
stable, the trajectories need not converge toward the equilibrium 
state Q. They could just as well form closed curves which corre- 
spond to periodic solutions. 

If in addition to being stable all trajectories eventually ap- 
proach the equilibrium state Q, then the network is said to 
be asymptotically stable. A typical trajectory satisfying this condi- 
tion is shown in Fig. 13-21d. 

Notice that although the above stability definitions agree with 
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A*~2 


Trajectory starting 
inside Cs 


(d) 


Fig. 13-21. A geometrical in- 

our intuition, they are very difficult to verify. This is due to the re- _ terpretation of various stability 
quirement that the experiment be satisfied for all possible values °°" 
of «. One certainly cannot afford to test each and every value of e. 
On the other hand, it is usually much easier to show that a net- 
work is unstable. This can be done by exhibiting only one trajec- 
tory which fails the test. In view of the difficulty for showing 
stability, we shall formulate some useful stability criteria in the fol- 
lowing chapters. 
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13-7-2. STABILITY DEFINITION FOR nTH-ORDER NETWORKS 


We can now generalize the above stability definitions to nth-order 
networks. Instead of circles with radius « and 6, we now talk of 
n-dimensional spheres with radius « and 6. An n-dimensional 
sphere S, with radius € is defined to be the set of all points whose 
distance from the equilibrium state is equal to «. Our stability 
definition now takes the following form: An equilibrium state Q 
in an n-dimensional state space is stable in the sense of Liapunov 
if, given any value « > 0 and any initial time ¢ = 4, it is possible 
to find a corresponding sphere S; with 0 < 6 < «€ such that all tra- 
jectories starting inside S; will never cross the larger sphere S.. If, 
in addition to this property, all trajectories starting inside S; even- 
tually approach Q, then the equilibrium state is asymptotically 
stable. 


Exercise 1: Define stability and asymptotic stability for a first-order network. 
Exercise 2: Define stability and asymptotic stability for a second-order network. 


Exercise 3: Explain why all stability definitions require that the prescribed tests 
be satisfied for all values of «, and not just for one. 


Exercise 4: Sketch a geometrical interpretation of the stability and asymp- 
totic stability definitions for third-order systems. 


13-8 SUMMARY 


Order of complexity This is defined as the maximum number of in- 
dependent initial conditions that can be specified in terms of the 
electrical variables in the network. It is also equal to the number 
of state variables in the normal-form equations associated with the 
network. This number corresponds, therefore, to the minimum 
number of initial conditions that must be specified in order to solve 
the network completely, that is, without the need for introducing 
arbitrary constants. 


Classification of dynamic nonlinear networks Any network can be 
classified as a zero-order network, a first-order network, a second- 
order network, ..., or as an nth-order network. A zero-order net- 


work is simply a synonym for resistive networks. All other classes 
are dynamic networks. 
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Significance of initial conditions Initial conditions are introduced in 
lieu of the past history of the voltages and currents in the energy- 
storage elements, which are usually unknown. Some appropriate 
sets of initial conditions are the “charge” or “voltage” of a capaci- 
tor and the “current” or “flux linkage” of an inductor. The order 
of complexity of RLC networks can be determined by inspection. 
See Eq. 13-10. 


Alternate method for deriving normal-form equations This method 
extracts all energy-storage elements from the network and derives 
the equations in terms of the port description of the resistive sub- 
network. 


Trajectories These consist of space curves (not a surface) represent- 
ing the solution waveforms in the state space with the variable time 
as a parameter. 


Equilibrium states The points on the state space for which the so- 
lution dx;/dt=0, j = 1, 2,...,n. There are two methods for 
determining the equilibrium states: 


1. Implicit equilibrium state theorem. Obtained by equating the 
right-hand side of the normal-form equations to zero and 
solving these equations by numerical methods. 


2. Explicit equilibrium state theorem. Obtained by finding the 
operating points when all inductors are replaced by short cir- 
cuits and all capacitors are replaced by open circuits. 


Stability A network may be stable, asymptotically stable, or un- 
stable. Roughly speaking, it is stable if the trajectories do not tend 
to infinity. It is asymptotically stable if all trajectories converge to 
the equilibrium state. It is unstable if it is not stable. 


PROBLEMS 


13-1 Find the order of complexity of the networks shown in Fig. 
P13-1a to d by inspection. 


13-2 A certain mechanical spring-mass system under stress can be 
modeled by the dynamical network shown in Fig. P13-2. The in- 
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(c) 


Fig. P13-1. dependent sources are time-dependent in order to simulate the 


externally applied forces. 

(a) Find the order of complexity of this mechanical system. 

(b) With capacitor charges q; and inductor flux linkages 9; 
chosen to be the state variables, write down the general 
functional form of the equations of motion in the normal 
form. 

(c) Is this an autonomous or a nonautonomous network? Is the 


concept of an equilibrium state applicable here? Explain 
why. 
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Fig. P13-2. 
13-3 Consider the network shown in Fig. P13-3. With i as the state 
variable, derive the equations of motion in the normal form by 
two methods: 
(a) By the elimination and substitution method developed in 
Sec. 4-6. 
(b) By finding the DP plot across the resistive one-port network 
described in Sec. 13-4. 
Element characteristics : 
Resistor: vu, =i,+i, 
Inductor: » =tanhi 
Current source: I(t)=10 cos wt Fig. P13-3. 


13-4 Repeat Prob. 13-3 for the network shown in Fig. P13-4 with v as 
the state variable. 


19 
i Element characteristics: 
+ Resistor: i, = ae 570) 10 
v(t) 1/2 
Y =-lv,!, v,<0 
- FR Se, AS 
Capacitor: g=v°+u+2 Fig. P13-4. 
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Fig. P13-5. 


Fig. P13-6. 


Fig. P13-7. 


13-5 


13-6 


AR 


13-7 
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Derive the normal-form equation of the network shown in Fig. 
P13-5 in terms of the state variable g. HINT: Apply the v-shift 
theorem and make use of the standard formula for solving cubic 
equations given in most mathematical tables and handbooks. 


Element characteristics: 


5 F aoe oe 3 
Resistor Mere 1, =v, 


: a Dr) eee gc) 
Resistor R;: 1, =U, 
Capacitor: v=2q°+q°-1 


Consider the network shown in Fig. P13-6. 


(a) 
(b) 
(c) 


(d) 
‘en 


Find the normal-form equations in terms of the state vari- 
ables qi and qo. 

With v1 = 491, v2 = 8q2, and v(t) = 4 volts, determine the 
equilibrium states by applying the implicit equilibrium state 
theorem. 

Repeat (b) by applying the explicit equilibrium state theorem. 
Repeat (a) in terms of the state variables v; and vp. 

Repeat — in terms of the state variables q; and vp. 


Element characteristics: 


ch: Cy: v,=A(9,) OF a= f(y) 
C,: v,=f,(4,) Ord, =f, (v5) 


Consider the network shown in Fig. P13-7. 


(a) 
(b) 


(c) 
(d) 
(e) 


Find the normal-form equations in terms of the state varia- 
bles g1 and qe. 

With 91 = 4ii, p2 = ie, and v(t) = 5 volts, determine the 
equilibrium states by applying the implicit equilibrium state 
theorem. 

Repeat (b) by applying the explicit equilibrium state theorem. 
Repeat (a) in terms of the state variables i, and ig. 

Repeat (a) in terms of the state variables q, and ig. 


v (t) 
12 


Element characteristics: 
fe Ly: @,=f,(i,) or 
2 =f, (0) 
=a L,: ®, =f,(t,) or 
i,=f, (¢,) 


Basic concepts of dynamic nonlinear networks 631 


13-8 Consider the network shown in Fig. P13-8. 

(a) Find the normal-form equations in terms of the state varia- 
bles g; and qo. 

(b) With gy: = %i1, go = %ve, and v(t) = 5 volts, find the equilib- 
rium states by applying the implicit equilibrium state theorem. 

(c) Repeat (b) by applying the explicit equilibrium state theorem. 

(d) Repeat (a) in terms of the state variables i; and vo. 

(e) Repeat (a) in terms of the state variables y, and vs. 


12 = 


Element characteristics: 


+ L: i,=f,(¢,) or 

UY %, =f, (iy) 

C: q, =f,(v,) or 
v, =f (a,) 


Fig. P13-8. 


13-9 Find the normal-form equations for the networks shown in Fig. 
P13-9a to c. Compare the order of complexity of each network 
with that predicted by the theorem on the order of complexity of 
dynamic RLC networks in Sec. 13-2-2. Explain any discrepancy 
that may arise. 


L,=1H L3=1H Rao 0 


(a) 


(5) 


v (t)=sint 


Fig. P13-9. 
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13-10 Find the normal-form equations for the networks shown in Fig. 


(a) 


Fig. P13-10.  (¢) 


13-11 


Fig. P13-11. 


+ VY — 10volts 


(a) 


P13-10a to c. Compare the order of complexity of each network 
with that predicted by the theorem on the order of complexity of 
dynamic RLC networks in Sec 13-2-2. Explain any discrepancy 
that may arise. 


v (t) 


R3=22 


uD) R3=10 


Consider the nonlinear network shown in Fig. P13-11la, where the 
nonlinear resistor, inductor, and capacitor are characterized by 
the v-i, i-p, and v-q curves shown in Fig. P13-116 to d, respectively. 
Find the equilibrium states by applying the explicit equilibrium 
state theorem. 


+--+ v, volts 
—60 —40 
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¢, webers 


-30 -20 -10 
v, volts 


Fig. P13-11. (Conti 
13-12 Consider the network shown in Fig. P13-12. Pena! Gree 


(a) Find the normal-form equation in terms of the state varia- 
ble 14. 

(b) Let v(t) = e~ and solve for i,(¢) with the initial condition 
ix(0) = 5. Sketch the trajectory of solution. 

(c) Repeat (4) with v(t) = sin ¢. 


Fig. P13-12. 


13-13 The normal-form equation of a second-order linear network 
assumes the general form 


dx, 
dt 
axe 
dt 
(a) Find the equilibrium states in terms of the parameters ajj 

and kj. 
(b) Find the solutions x;(¢) and x2(t) corresponding to each of 
the following sets of parameters: 


= 444X1 + Ay2X2 + ky 


= d21X1 + do2x2 + ke 


a1 = deg = —1, a2 = 21 = 0, ky = kg = O 

Oi = Ge = Lidia = Goi =) 0, ky = ko =O 
ay = —2, a22 = Sl die = do, = 0, ky = kof = 0 
a1 = Qe2 = —1, dig = 0, dey = 1, kt = ke = O 


(c) Draw the trajectories corresponding to the solutions in (5) 
with the initial conditions (x1(0),x2(0)) = (5,5), (0,5), (—5,5), 
(—5,0), (—5, —5), (0, —5), (—5,—5), and (5,0), respectively. 
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Fig. P13-15. 


13-14 


13-15 


13-16 
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(d) Based on the trajectories in (c), classify the equilibrium state 
(0,0) according to the type of stability it possesses, namely, 
stable, asymptotically stable, or unstable. State whether the 
classification is valid only locally or globally. 


Repeat parts (5), (c), and (d) of Prob. 13-13 for the following sets 
of parameters: 


y= =), a= 1, dig Gn = 0,4) — kp = 0 
Gn =the = Seo = Sion = Ili ale =v 
Gi eS tien = Ge = bon Sida se =o 
Gn =the = 1, Go = lL@n = Hie, = ke = 0 
a1 = 2 = 0, a4 = —ll@a = 1, ky Ske =O 


Let x be the state variable associated with a first-order network. 

(a) If the solution x(f) is as shown in Fig. P13-15a, plot the 
associated trajectory. 

(b) If the trajectory is given by Fig. P13-15b, plot the corre- 
sponding solution x(Z). 


x(t) 


20 
t=5.8 usec 


t= 1.5, 5.3 psec 
t= 1.1, 2.0, 4.9 psec 
10 


t=0.7, 2.3, 4.4 psec 
t=0.6, 2.3 psec 
t=0.5, 2.5, 4.0 usec 


0-+t=0.3 psec 


t=0.1 psec 


t=0 psec 


(a) a 5b) 


Let x, and x2 be the state variables associated with a second- 

order network. 

(a) Plot the trajectories associated with the three sets of solutions 
(x1(¢),x2(t)) as shown in Fig. P13-16a to c. 

(b) Plot the solutions (x1(/),x2()) corresponding to each of the 
trajectories shown in Fig. P13-16d to f. 


> XxX 


_ 


(f) 


Fig. P13-16. 
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+ Recall that f(x) is a single- 
valued function of x if for 
each value x = xx, there 
corresponds one and only 
one value f(x,). In this 
case we say f(x) is 
x-controlled. 


14-1 BASIC PHILOSOPHY AND APPROACH 


The normal-form equation of a first-order autonomous network 
has been shown to be of the form 


& =f) (14-1) 


The expression f(x) can be obtained from the DP plot of the 
associated one-port resistive subnetwork and may either be a 
single-valued or a multivalued function of the state variable x.7 If 
f(x) is easily represented in analytic form, then the numerical 
techniques, such as those presented in Sec. 4-7-1, can be used to 
find the solution of Eq. (14-1) with the help of a computer. One 
disadvantage of this approach, however, is that it does not give 
much insight into the network’s behavior. This is because anyone 
who has a computer program for solving Eq. (14-1) can find the 
solution corresponding to any given initial condition without the 
slightest idea of what a capacitor or an inductor inside the network 
does. Actually, in order to make good use of a computer, one 
must have some idea of the general behavior of the network first, 
rather than resort to a blind use of the computer. In fact, when- 
ever one is confronted with the analysis or synthesis of a new net- 
work, a qualitative analysis is much more meaningful than a 
quantitative analysis. Some of the important qualitative results 
that are useful to know are the location and stability of the equilib- 
rium states. Another desirable piece of qualitative information is 
the behavior of the trajectories near an equilibrium state. 

In view of the above considerations, we shall present first 
some useful techniques for obtaining a qualitative analysis of any 
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first-order autonomous network. Once the qualitative analysis is 
complete, the next logical step will be to perform a quantitative 
analysis with some meaningful (rather than arbitrary) choice of 
initial conditions. The piecewise-linear approach will be intro- 
duced for obtaining the desired quantitative results. 


14-2. EQUILIBRIUM STATES AND STABILITY CRITERIA 


The equilibrium states corresponding to Eq. (14-1) are given by 
the solutions of 
f(x) =0 (14-2) 
Graphically, these consist of the points of intersection of the curve 
F(x) with the x axis. In order to investigate the stability of these 
equilibrium states, let us consider the hypothetical curve f(x) 
as shown in Fig. 14-la. The equilibrium states of this network are 
obtained by projecting the x coordinate of the points of intersec- 
tions of f(x) with the x axis as shown in Fig. 14-1b. 

To determine the stability of each equilibrium state P;, it is 
necessary to perform a conceptual experiment around the neigh- 
borhood of P; in accordance with Liapunov’s definition. This con- 
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Fig. 14-1. The equilibrium 
states of a first-order network 
are given by the x coordinates 
of the points of intersections 
of f(x) with the x axis. 


f(k, +e) 20 


| | | 
| | | 
| | | 
| | | 
| | | | | 
| | | | | 
| | | | | | 
| | | | Figen 
| beer | . 
| = = = 
P; (x=hg) Ps (x=hs) P, (x=hy) Va ae Py (x eo) PG ky) 
——+ + aN 
0; | *=(Rg—-€2) , x=(kate2) » x=(ky +€,) 
(aye Ger | 
hageitter : 
| | 
| | | 
| | | | | | | 
| | | | ey, 
| | r a | pas 
| 
x 
Fe Ps age P, P, Fy 


(c) 
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+ By definition, the pertur- 
bation e can be any arbi- 
trary number, provided it 
does not cause the result- 
ing initial state to fall out- 
side of the equilibrium 
states adjacent to Pj. 
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sists of perturbing the state variable x a distance « to the right or 
to the left of P;,t and observing the resulting trajectory starting 
from this new initial state. If the trajectory corresponding to each 
value of ¢ always returns to P;, the equilibrium state P; is stable. 
On the other hand, if there is a value of « for which the trajectory 
diverges from Pj, the equilibrium state P; is unstable. 

Consider first the equilibrium state P;. Suppose we begin by 
perturbing the state variable x from x = ky to x = (ki + 4) at an 
arbitrary initial time ¢ = fo. Our problem is to investigate the 
nature of the solution x = X(t) with X(to) = (ki + 41) as the initial 
condition. At this point f(x) = f(k1 + «1) > 0 (Fig. 14-1a). Since 
the solution x = X(t) must satisfy Eq. (14-1) for all time 7, we have 
Atia—F0 


dx 
Gace 


This implies that the solution x = X(f) starting from x(fo) = 
(ky + x1) must be an increasing function of time at ¢ = fo, and 
therefore the corresponding trajectory must be moving to the 
right of Py, as shown in Fig. 14-lc. Moreover, since f(x) > 0 for 
x > (ky + «1), it is clear that the trajectory must keep on moving 
to the right and will never return to P;. Hence, we conclude that 
the equilibrium state P; is unstable. 

Consider next the equilibrium state P2. If we displace x from 
x = kg to x = (ke + €), as shown in Fig. 14-lc, we find that 
dx/dt <0, and the trajectory must be moving toward P2. This 
behavior is easily seen to be true for any other value of €2 that re- 
sults in an initial state between Py and P;. However, we cannot 
conclude that P2 is stable because we have not yet tested the case 
where x is displaced to the left of Pz. Hence let us perturb x from 
xX = kg to x = (kz — €2). This time we have f(k2 — €2) > 0, and 
the trajectory is again seen to move toward Pp». Since this behavior 
is true for any value of €2 that results in an initial state between 
Pz and P3, we conclude that the equilibrium state P» is stable. 

Consider next the equilibrium state Ps. It is seen from Fig. 
14-1a that any trajectory corresponding to any initial state between 
P3 and P4 will converge toward P3. However, the trajectory corre- 
sponding to any initial state between P3 and P2 tends to diverge 
from P3. Therefore, we conclude that Ps is unstable. 

By a similar procedure we can readily establish that the 
equilibrium states Py and Ps are also unstable, and that the 
equilibrium state Pg is stable. Hence, of the six equilibrium states, 
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only Po and Peg are stable. If we examine Fig. 14-la for f(x) 
at these two points more carefully, we observe that f(x) is a 
monotonically decreasing function within a small interval centered 
about P, and about P¢.; In contrast to this we see that within the 
interval about each unstable equilibrium state, f(x) is not a mono- 
tonically decreasing function of x. These observations allow us to 
state the following stability criteria. 


STABILITY CRITERIA FOR FIRST-ORDER NETWORKS 


Let dx/dt = f(x) be the normal-form equation of a first-order 
network, where f(x) is a continuous single-valued function of x. 
Let P(x = k;) be an equilibrium state of the network. Then P; is 
stable if there is an interval around x = k; where f(x) is a mono- 
tonically decreasing function of x. Otherwise, P; is unstable. 


Applying this theorem to the function f(x) shown in Fig. 
14-la, we can conclude immediately by inspection that Pz and Peg 
are stable, whereas P1, P3, P4, and Ps are unstable. The equilib- 
rium states P; and P, are unstable because there is no interval 
about P; or P4 where f(x) is monotonically decreasing. The 
equilibrium state P3 is unstable even though f(x) is monotonically 
decreasing on the left of P3 because f(x) becomes monotonically 
increasing on the right of P3. Similarly, although f(x) is mono- 
tonically decreasing on the right of Ps, it is monotonically increas- 
ing on the left of P5; therefore, Ps is unstable. 

If we take another look at Fig. 14-la, we observe that the 
slope of f(x) at each equilibrium state P; may either be zero, 
positive, or negative. The slope will be zero if, and only if, P; is a 
minimum, a maximum, or a point of inflection of f(x). In most 
practical problems the slope of f(x) at Pj; is either positive or 
negative but not zero. If the slope is positive, f(x) is monotonically 
increasing, and if the slope is negative, f(x) is monotonically de- 
creasing. Therefore, we can state a corollary to the theorem of 
stability criteria for first-order networks. 


COROLLARY TO STABILITY CRITERIA FOR FIRST-ORDER NETWORKS 


If the slope of f(x) is nonzero at each equilibrium state P;, then P; 
is stable if the slope of f(x) at P; is negative and P; is unstable if 
the slope of f(x) at P; is positive. Moreover, if f(x) is a single- 
valued function, the equilibrium states must alternate between 
stability and instability. 
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+A function f(x) is said to 
be monotonically decreas- 
ing if f(x2) < f(x1) when- 
ever X2 > X}4. 
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Fig. 14-2. An example illustrat- 
ing the determination of the 
stability of equilibrium states 
by inspection. An equilibrium 
state P; is stable if the slope of 
f(x) at P; is negative; other- 
wise, it is unstable. 


{It must be emphasized, 
however, that in many 
practical situations we do 
not even have to do this 
because we are usually 
interested only in the 
general properties of the 
solutions and not in the 
exact solution waveforms. 
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To demonstrate the utility of this corollary, consider the curve 
f(x) as shown in Fig. 14-2a. Since the slopes at P;, P3, Ps, and P7 
are positive, these equilibrium states are unstable. On the other 
hand, the equilibrium states Pz, P4, and Pg are stable because the 
slopes of f(x) at these points are negative. Alternately, we could 
have obtained the same conclusion by determining the stability of 
any one equilibrium state and then using the alternating property 
to determine the stability of the remaining equilibrium states. For 
example, let us arbitrarily choose P3 and examine its stability. 
Since the slope of f(x) at P3 is positive, we conclude that P3 is un- 
stable. From this information alone we can immediately conclude 
that the equilibrium states P;, Ps, and P; must be unstable, 
whereas the equilibrium states P2, P4, and Pg must be stable. 

Once we find the stability of each equilibrium state of a first- 
order network, we can draw the trajectory corresponding to any 
initial state. For example, the trajectories corresponding to the 
initial states Qi, Qo, ..., Og are easily obtained as shown in Fig. 
14-2b. The trajectory corresponding to the initial state Q; must 
diverge from P; because the equilibrium state P; is unstable. On 
the other hand, the trajectories corresponding to the initial states 
Q,4 and Q5 must both converge toward P, because the equilibrium 
state P, is stable. If we can also find the time parameter associated 
with each trajectory, as will be considered in the following section, 
then we can recover the solution x = X(t) corresponding to any 
initial condition X(to) = Xo. 


14-3. STABILITY CRITERIA FOR TWO COMMON CIRCUIT CONFIGURATIONS 


Let us now apply the stability criteria of the preceding section to 
derive a simple criterion for two commonly encountered circuit 
configurations. 
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Configuration 1 Consider the network shown in Fig. 14-3a. If we 
denote the vr-ipz curve of the nonlinear resistor by ig = g(vp), then 
the normal-form equation is easily found to be 


di WC 


Cian S - vo _ atvc) | (14-3) 


Comparing this equation with Eq. (14-1), we obtain 


fd = a|- ee avo) | (14-4) 


where the state variable x is now given by vg = vp. The equilib- 
rium states are simply the intersections between the vp-ir curve and 
the load line. To apply the corollary to the stability criteria, 
we obtain 


fv) =4|-4 - 8'eo)| (14:5) 


where g’(vc) represents the slope of the vg-ig curve, and is called 
the incremental conductance. From Eq. (14-5) we conclude that an 
equilibrium state Q; is stable if, and only if, 


1s —g0onle, (14-6) 


where —g’(vg)|g; 18s the incremental conductance at the point Qj. 
Equation (14-6) represents the stability criterion for the network 
in Fig. 14-3a and can be stated as follows: An equilibrium state 


Load line 
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Fig. 14-3. An equilibrium state 
Q; of this network (configura- 
tion 1) is stable if, and only if, 
the conductance 1/R is greater 
than the magnitude of the in- 
cremental conductance of the 
Ur-ip Curve at Qj. 


Load line 


(a) 
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Q; on the vr-iz curve is always stable if the incremental conduct- 
ance g’(vp) at Q; is positive. However, if g’(vr) <0, then Q; is 
stable only if the magnitude of the incremental conductance at Q; 
is less than the conductance 1/R of the load line. 

This criterion enables us to find the stability of the equilib- 
rium state by inspection, i.e., without obtaining the DP plot. For 
example, suppose the nonlinear resistor is a tunnel diode with the 
Up-iz Curve shown in Fig. 14-3b. Since the slope of this curve at Q; 
and Q3 is positive, we conclude immediately that Q; and Q3 
are stable. Since the slope at Q» is negative, and the magnitude of 
the incremental conductance |g’(vg)| is not less than 1/R, we con- 
clude that Q» is unstable. On the other hand, the equilibrium state 
Q in Fig. 14-3c is stable because the incremental conductance at Q 
is less than 1/R. 


Configuration 2 Consider next the network shown in Fig. 14-4a. 
This time it is more convenient to denote the vg-ig curve by 
Up = r(ir). The corresponding normal-form equation is given by 


di, _ (E — Ris) ~ rir) 
a ay al Ng Oe 


Comparing this equation with Eq. (14-1), we obtain 


fli) = E— Bi) — ni) (14-8) 


The equilibrium states are given, as usual, by the intersections be- 
tween the load line v = EF — Ri, and the vp-ir curve. To apply the 
corollary to the stability criteria, we obtain 


fi) = FIER = '@I (14-9) 


where r(i,) represents the reciprocal slope of the vg-ig curve and 
is called the incremental resistance. From Eq. (14-9) we conclude 
that an equilibrium state Q; is stable if, and only if, 


R = —r'(iz)lq; (14-10) 


where —r'(ig)|g, is the incremental resistance at the point Qj. 
Equation (14-10) represents the stability criterion for the network 
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E/R Vp=r (tp) 
R ne UR — 
ty 
a Load line 
—= FF L v, 
UR 
(a) 


in Fig. 14-4a and can be stated as follows: An equilibrium state 
Q; on the vpg-iz curve is always stable if the incremental resistance 
(ig) at Q; is positive. However, if r’(iz) < 0, then Q; is stable only 
if the magnitude of the incremental resistance at Q; is less than 
the resistance R of the load line. 

As an application of this criterion, suppose the nonlinear re- 
sistor is a neon bulb with the vpg-ir curve shown in Fig. 14-4b. By 
inspection we immediately conclude that the equilibrium states Q; 
and Q3 are stable and that Qz is unstable. On the other hand, if 
we replace the neon bulb by a tunnel diode, as in Fig. 14-4c, then 
we find that all three equilibrium states Q1, Qo, and Q3 are stable. 
This conclusion appears at first sight to contradict the conclusion 
of the corollary to the stability criteria, namely, that the equilib- 
rium states must alternate between stability and instability. There 
is no contradiction, however, because the expression f(iz) in Eq. 
(14-8) is multivalued for a voltage-controlled curve, and the alter- 
nating property is true only if f(iz) is a single-valued function of 
iz, = ip, Such as the neon bulb curve in Fig. 14-45.1 


Exercise 1: Sketch the curve f(uvc) given by Eq. (14-4) corresponding to the vp-ir 
curve and the resistance R in Fig. 14-3b and c. Use this curve to verify the 
stability criterion for configuration 1. 


Exercise 2: Derive the normal-form equations (14-3) and (14-7). Formulate 
a simple rule so that these equations may be written by inspection. 


Exercise 3: Sketch the curve f(iz) given by Eq. (14-8) corresponding to the vg-ir 
curve and the resistance R in Fig. 14-4b and c. Use this curve to verify the 
stability criterion for configuration 2. 


Exercise 4: Prove that the stability criteria and their corollary (except the alter- 
nating property) are valid even if f(x) is a multivalued function. 
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Fig. 14-4. An equilibrium state 
Q; of this network (configura- 
tion 2) is stable if, and only if, 
the resistance R is greater than 
the magnitude of the incre- 
mental resistance of the vp-ig 
curve at Qj. 


1It is important to recog- 

nize that while the tunnel- 
diode vpr-irg curve is a 
multivalued function in 
configuration 2, it is a 
single-valued function in 
configuration 1. Hence, we 
must always choose the 
pertinent independent 
variable before deciding 
whether a curve is a single- 
valued function. 
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(c) | 


Fig. 14-5. The value of ¢ cor- 
responding to each point on 


the trajectory is equal to the 14-4 TIME SCALING THE TRAJECTORY OF SOLUTIONS 
area under the curve 1/f(x) 


from the initial state to the The trajectories we obtained in the preceding section are incom- 
point in question, plus the in lete in the sense that the time scale associated with each trajec- 
tial time fo. : ae ; 
tory is absent. We shall now show how this information can be 
obtained. 

Consider a typical trajectory such as the one with the initial 
state at Q4 as shown in Fig. 14-2. For convenience let us redraw 
this trajectory, together with the portion of f(x) associated with it 
as shown in Fig. 14-5a and b. The initial state corresponds, 
of course, to the initial time ¢ = fo. Our problem is to evaluate the 
value of ¢ associated with any other point on the trajectory. To be 
specific, let us choose an arbitrary point x = x(¢;)) as shown in 
Fig. 14-5a and try to evaluate the corresponding time t = ¢;. To do 
this, let us examine Eq. (14-1) again and recast it in the form 
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l 


i — nr, bd 14- 
Ga (14-11) 
We can integrate both sides of this equation to obtain 
tj = x(G) ] 
Us Wie et (14-12) 


Observe that since the limits of integration on the left side are from 
ft to ¢;, the corresponding limits of integration on the right 
side must be from x(fo) to x(t). Integrating the left side of 
Eq. (14-12) and simplifying, we obtain 


jstot [on ye (14-13) 


This equation gives an explicit formula for calculating 4 cor- 
responding to any point x(t) on the trajectory. In particular, 
it shows that ¢; is simply equal to the initial time fo plus the area 
under the curve y = 1/f(x) from x = x(to) to x = x(t) as shown 
in Fig. 14-5c. This area can be obtained by a numerical integra- 
tion procedure using a computer or a planimeter. It can also be 
determined by a number of approximate methods such as the 
trapezoidal rule. 

We can now summarize the procedure for finding the time 
scales as follows: 


1. Draw the curve y = 1/f(x) as a function of x over a range 
coinciding with that of the trajectory. 


2. Find the area under the curve y = 1/f(x) from the initial state 
to to any desired point on the trajectory. 


3. The sum of the area obtained in (2) and the value fo gives the 
corresponding time at the desired point. 


From the above procedure we can deduce a number of inter- 
esting properties concerning the nature of the solution x = X(0). 
First of all, let us observe that each trajectory must lie either be- 
tween two equilibrium states or between one equilibrium state and 
x = +0 or x = —oo. This means that the portion of the curve 
y = 1/f(x) associated with each trajectory must lie either above 
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Fig. 14-6. A first-order network 
consisting of a linear inductor 
connected across a current- 
controlled dc-resistive network. 


+ Throughout this section 
we assume that f(x) is a 
single-valued function of 
x, and our conclusion is 
valid only under this con- 
dition. 

1In mathematics the inte- 
gral of y = 1/f(x) is said 
to be improper if y = +00 
at the lower or upper 
limits of integration. In 
some special cases, the area 
can be found by a limiting 
operation. If the answer 
turns out to be a finite 
number, the curve is said 
to be integrable. 


2 For convenience we have 
chosen the simple curve 
v = r(i) = 8 — 3i. In prac- 
tice the DP plot does not 
usually have an analytical 
expression and must be 
specified graphically. 
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Ai, amp 


v=i>—3i 
de - 
resistive eee a 
Halls -4 4 v, volts 


(a) (d) 


the x axis or below the x axis. Therefore, the area under the curve 
y = 1/f(x) is always positive and increases as the trajectory moves 
toward the equilibrium state. This means that the solution x = X(d) 
must necessarily be a monotonically increasing or a monotonically 
decreasing function of t.f 

Let us observe further that at each equilibrium state, the 
curve y = 1/f(x) approaches either + oo or — oo because f(x) = 0 
at this point. It can be seen, therefore, that as x approaches 
an equilibrium state, the area increases rapidly, and more time is 
needed for the trajectory to move the same distance Ax. This can 
be interpreted by saying that the motion becomes slower. In fact, 
except in some ideal cases where the curve y = 1/f(x) is integra- 
ble up to the equilibrium state,! the area is generally infinite. This 
implies that, except in some special cases, it will generally take an 
infinite time interval for the trajectory to reach its equilibrium 
state. We shall summarize the above observations into a theorem. 


MONOTONIC SOLUTION THEOREM 


If a first-order network can be described by a normal-form equa- 
tion dx/dt = f(x), where f(x) is a single-valued function of x, 
then its solution will always be a monotonically increasing or a 
monotonically decreasing function of x. Moreover, except for some 
special cases, it will require an infinite time interval for the solu- 
tion to reach its steady-state value. 


Let us now illustrate the time-scaling procedure by an 
example. 


EXAMPLE 


Consider the network shown in Fig. 14-6a where the DP plot of 
N is given by the current-controlled curve shown in Fig. 14-6b.2 
If the current i; at ¢ = 1 sec is given to be —0.25 amp, find the in- 
ductor current i;(t) for t > 1 sec. 
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Since the DP plot is specified in the i-vs.-v plane, it is usually 
more convenient to choose / instead of i, as the state variable; after 
all, i and i, differ only by a negative sign. The normal-form equa- 
tion is given by 


f = —5r(i) = — 5 — 31) (14-14) 


From this we identify the functions f(x) and 1/f(x) as 


f@ = —S® + 15i (14-15) 
a — (14-16) 
f@ —58 + 15i 

The equilibrium states of this network are obtained by plotting the 
function f(7) as shown in Fig. 14-7a and determining the points of 
intersection with the i axis, namely, Q1(i = — \/3), Qo(i = 0), and 
Q:(i = \/3). Applying the corollary to the stability criteria, 
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Fig. 14-7. Graphical procedure 
for determining the time scale 
of the trajectory of a solution. 
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Fig. 14-8. The solution wave- 
form of i(f) in (c) is obtained 
from the time-scaled trajectory 
in (b). 


1This consists of approxi- 
mating the area under the 
curve by a number of 
trapezoids. The resulting 
answer is, of course, not 
exact. But by choosing 
enough subdivisions, the 
results can be obtained to 
within any prescribed 
accuracy. 


we conclude that Q; and Q3 are stable but Q2 is unstable. There- 
fore, corresponding to the given initial state i(f) = 1) = 0.25 amp, 
the trajectory shown in Fig. 14-76 is obtained. Finally, to deter- 
mine the time scale associated with this trajectory, we plot the 
function 1/f(i) as shown in Fig. 14-7c and apply Eg. (14-13) 
to obtain 


i(t;) 1 f 
— (a Se | 4- 
pt | samen CEPI) 


For this example we have subdivided the trajectory of Fig. 14-7b 
into six equal divisions. The corresponding value of ¢; at each 
division can be obtained by either integrating Eq. (14-17) directly 
or by determining the shaded area under the curve as shown in 
Fig. 14-7c. We have chosen the latter by applying the trapezoidal 
rule.1 


l 1 l : 
(The +3515 + ———_ }i (Ai 
RIE ION I cei 
For example, the value of t4 can be approximately calculated as 
follows: 


= | “D2 eT Pe. Be eee J 
é 1é ax + 15.0) * 5.258 + rsca5 | 125 1.0) 


—vlMlaisec (14-18) 
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The results are tabulated as shown in Fig. 14-8a, and the com- 
plete trajectory is plotted in Fig. 14-85. From this we obtain the 
time function i(f) as shown in Fig. 14-8c. The final solution i,(f) is 
then simply the negative of i(¢). The reader should recognize that 
this example is given mainly for illustrative purposes. In practice, 
a digital computer could obviously be used to compute the time 
scales automatically. 


14-5 REALISTIC AND INCOMPLETE MODELS 


So far we have tacitly assumed that f(x) is a single-valued func- 

tion. Under this assumption we have shown that the solution x(t) 

of a first-order autonomous network is either a monotonically in- 

creasing or a monotonically decreasing function of time. We shall 

now investigate the nature of the solution when f(x) is a multi- 

valued function of x, such as the curve shown in Fig. 14-9a. 
Mathematically, the normal-form equation 


kia 
Sg te 


is meaningless when f(x) is multivalued because this implies that 
the solution x(t) may possess more than one slope at a given time. 
However, we know that any dynamic network in practice must 


f (x) 
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Fig. 14-9. An example illustrat- 
ing how the inconsistency aris- 
ing from a multivalued function 
can be resolved with the help 
of the inertia postulate. 
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1The problem of determin- 
ing the major energy- 
storage elements asso- 
ciated with a model is still 
a current research topic. 


2 A postulate is a rule whose 
validity is not contradicted 
by experimental observa- 
tions; thus, it is assumed 
to be true. It is not possible 
to prove a postulate. 
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have a unique solution for all times. This paradox can be resolved 
by a clear understanding of the differences between a theoretical 
result and an experimental result. When we try to analyze a net- 
work on paper, we are really analyzing a model of the network and 
not the actual network. As we have emphasized many times, 
a model is never an exact representation of a physical network. If 
the solution obtained from using a certain model agrees reason- 
ably well with actual measurements, the model is said to be 
realistic. On the other hand, if a model leads to an inaccurate 
solution, it is said to be unrealistic. In the extreme case where an 
unrealistic model leads to physical inconsistencies, such as the 
multivalued example above, then it is said to be incomplete. As 
will be seen in the sequel, any inconsistency arising from the use 
of an incomplete model can usually be resolved by introducing one 
or more parasitic inductances or capacitances at some strategic 
locations in the network. In other words, an incomplete model 
usually results when certain parasitic elements cannot be 
neglected. 

There are two methods for handling incomplete models. The 
most general method is to refine the model so that it becomes 
more realistic. Of course, the more parasitic elements we include, 
the better will be the model. However, not all parasitic elements 
play a major role. In fact, it has been found from experience that 
most parasitic elements can be neglected without introducing 
significant error. Therefore, in order to obtain a simple yet realistic 
model, we should include only those parasitic energy-storage ele- 
ments which play a dominant role. These elements will be called 
major energy-storage elements. Unfortunately, it is not always easy 
to find these elements in a given model.! 

A less general but more practical method to resolve an incon- 
sistency arising from an incomplete model is to formulate a 
postulate based upon experimental observations.? We shall now 
discuss a postulate which can be used to handle many incomplete 
models. 

Any multivalued function f(x) can be broken up into two or 
more single-valued functions f(x), f(x), ....fn(x) where each 
function /;(x) is defined over an interval a; < x < b;. For example, 
the multivalued function f(x) shown in Fig. 14-9a can be broken 
up into three single-valued functions f1(x), fo(x), and f3(x). The 
function f;(x) consists of the lower branch below point a, and is de- 
fined over the interval — oo < x < 5. The function /fo(x) consists 
of the middle branch between points a and £, and is defined over 
the interval —4 < x < 5. The function f3(x) consists of the upper 


Analysis of autonomous first-order nonlinear networks 


branch above point 8 and is defined over the interval —4 < 
x < oo. From experimental evidence it has been observed that 
whenever the solution x(t) is operating initially on a given branch 
of f(x), it will continue to operate on that branch until x(t) moves 
outside the interval of definition of that branch. This observation 
is analogous to inertia in physical systems. For example, if the 
initial state is given to be at point P; of the lower branch f,(x), as 
shown in Fig. 14-9a, the network will tend to see only the branch 
fi(x), and the trajectory of the solution can be obtained by solving 
the normal-form equation with f(x) replaced by f(x). Observe 
that the above procedure is based only on the argument that 
the solution agrees with experimental observations. Mathematically, 
there is no valid reason to assume that this is what happens. For 
example, it is perfectly valid to raise the following objection: Why 
should not the solution starting from P, on f,(x) (Fig. 14-9a) arrive 
at some point such as P, on f;(x) and suddenly jump to Ps on f2(x) 
or Pg on f3(x)? After all, for each value of x, there are three possible 
operating points! While it is not possible to dispel this objection, 
it is equally valid to counter it with the question: Why should this 
happen? The only way to resolve the issue is to state our assertion 
in the form of a postulate. 


INERTIA POSTULATE 


Let f(x) be a multivalued function consisting of n single-valued 
branches f1(x), fo(x), . . . ,fn(x), where each branch f(x) is defined 
over an interval a; < x < bj. Let the initial state x(¢o) be given as 
a point on one of these branches, say f,(x). Then the network can 
be assumed to remain operating on this branch, and the normal- 
form equation can be modified by replacing the multivalued func- 
tion f(x) by the single-valued function f;,(x). The resulting solution 
x(t) is a valid solution for all times ¢ > fo for which a, < x(t) < dy. 


To illustrate the application of the inertia postulate, let us 
apply it to the multivalued function f(x) of Fig. 14-9a again. Sup- 
pose the initial state is given to be at P;. We can conclude that the 
pertinent branch is /;(x), and the normal-form equation is 


2 STA Ae itoOlSX (14-19) 


The resulting trajectory of solution is shown in Fig. 14-9d. 
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If the initial state is given to be at P», then the pertinent 
branch is f2(x), and the normal-form equation is 


a 4) eS (14-20) 


The resulting trajectory is shown in Fig. 14-9c. Observe that the 
terminal point x = 3 is an equilibrium state. 

Finally, if the initial state is given to be at Ps, then the 
pertinent branch is f3(x), and the normal-form equation is 


= Cee ee (14-21) 


The resulting trajectory is shown in Fig. 14-9d. 


14-6 JUMP PHENOMENON AND OSCILLATORY 
SOLUTION IN FIRST-ORDER NETWORKS 


In the multivalued example shown in Fig. 14-9, we were able 
to find the solution x(f) for all times ¢ > fo by applying the inertia 
postulate. We shall now demonstrate a new phenomenon which re- 
quires additional principles in order to obtain the solution for all 
times t > fo. 

Consider the multivalued function f(x) shown in Fig. 14-10a. 
Applying the inertia postulate to the various initial states P;(5,—15), 
P(—15,—5), P3(5,5), and P4(— 15,20), we obtain the corresponding 
trajectories shown in Fig. 14-10b to e, respectively. Observe, how- 
ever, that unlike the examples in the preceding section, each 
of these trajectories moves in such a direction that it tends to 
leave the branch of f(x) originally containing the initial state. For 
example, the trajectory starting at P; on the lower branch fi(x) 
must move toward the left, thus causing the operating point 
to move along the curve toward point a as shown in Fig. 14-10a. 
But this point is not an equilibrium state. Therefore, if we deter- 
mine the time scale of the trajectory of Fig. 14-10, the point 
a(x = —20) will be reached after some finite time interval, say at 
t = t;. The question now is, What happens at ¢ > ¢;? One might 
be tempted to guess that the trajectory, upon reaching point a, 
might move up along the middle branch f2(x). But this is impos- 
sible, for at point a we have f(x) = —10 < 0; hence, dx/dt < 0. 
This means that the value of x must continue to decrease, a con- 
dition contradictory to our initial guess. Therefore the operating 
point cannot continue on to the middle branch; neither can it turn 
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around and go back on the lower branch. Where can it go then? 
Certainly, the inertia postulate is useless here because the trajec- 
tory has moved outside the interval of definition of f(x). If we ex- 
amine the remaining three trajectories shown in Fig. 14-10c to e, 
we would in each case have arrived at the same difficulty. This 
dilemma cannot be resolved mathematically, for as we have already 
stated, the normal-form equation is meaningless whenever /(x) is 
multivalued. 

Since the trajectory, upon reaching point a, can neither con- 
tinue to fo(x) nor stay on f{(x), it must jump to some other point 
a’ (such as the point shown in Fig. 14-10a) on the curve f(x) and 
this ¢ransition must occur instantaneously, for at any time the op- 
erating point must stay on f(x) in order to qualify as a solution. 
We shall call the operating point a the terminal state and the new 
operating point a’ the transition state of the trajectory. 

Since the transition from a to a’ is instantaneous, the time 
t = t; when the network is operating at a must also be the time 
when the network jumps to a’. However, it is convenient for us to 
split the time ¢ = ¢; into ¢ = f; and ¢ = f¢} and associate the op- 
erating point a before the jump with ¢; and the operating point 
a’ after the jump with 7+}. For example, corresponding to point a 
of Fig. 14-10a, we have 


x(t5) == =) 
and 


MEP) = Xe 


(e) 


Fig. 14-10. An example illus- 
trating the mechanism that 
leads to a jumping phenome- 
non. 
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If we can find x(¢+), then we can apply the inertia postulate once 
again to determine the continuation of the solution for ¢ > rj. Our 
crucial problem, therefore, depends on finding the value x(¢}) of 
the transition state a’. 

Let us recall that the state variable x may represent either the 
charge q or voltage uc across a capacitor, or the flux linkage or 
current i, in an inductor. To be specific, suppose q is the state 
variable and our problem is, given g = g(¢j) at a terminal state 
(such as a), find g = q(¢}) at the corresponding transition state. 
Since 


q(tj) = [i at 
= si i(t) dr + ‘| é i(t) dr (14-22) 


and since 


[2 ar = 5) 


Eq. (14-22) can be written as 
ont 
gt}) = G5) + J" rar (14-23) 


Observe that the integral term in Eq. (14-23) represents the area 
under a curve of zero arc length and is, therefore, zero unless i(t;) 
happens to be infinity. But no physical device can supply an 
infinite current; therefore this integral is zero, and Eq. (14-23) re- 
duces to 


UG) = 65) (14-24) 


This equation tells us that the value of g must remain the same 
during the transition. In other words, we have shown that the 
charge across a capacitor cannot change instantaneously and hence 
q(t) must be a continuous function of time. This important property 
is often referred to in the literature as the principle of conservation 
of charge. 
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In terms of the example shown in Fig. 14-10a, this principle 
allows us to conclude that if x represents the capacitor charge q, 
then when the trajectory reaches the terminal state a as shown in 
Fig. 14-1la and b at ¢ = 4;, the transition state a’ must lie directly 
above a. In other words, the transition must take place instan- 
taneously along the vertical path shown in Fig. 14-1la. Once we 
find a’, we can apply the inertia postulate again and draw the tra- 
jectory as shown in Fig. 14-11c. Observe that as soon as this tra- 
jectory reaches its terminal state B(g = 15) at ¢ = &, it will jump 
instantaneously along the vertical path shown in Fig. 14-11a to the 
transition state 6’. This will allow us to apply the inertia postulate 
once again, and the operation will clearly repeat itself periodically. 
If we plot the resulting solution of g(4) as a function of time, we 
obtain the oscillatory waveform shown in Fig. 14-11d. We shall 
show later that this mechanism is fundamental in the design of 
oscillators. 

The above example was based on the assumption that the 
state variable x represents the capacitor charge g so that we can 
apply the principle of conservation of charge. If the state variable 
x represents the capacitor voltage vg, we can invoke the ve-q curve 
of the capacitor to conclude that 


vet;) = vel tt) (14-25) 
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Fig. 14-11. An_ illustration 
showing how the jumping 
phenomenon can lead to an 
oscillatory solution waveform. 
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1 This property is seen to be 
true in all cases except 
when the voltage across 
the inductor is infinite, a 
condition unattainable in 
practice. 
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By an exact dual procedure we can conclude that in case the 
state variable x represents either the flux linkage @ or the current 
iz of an inductor, we have! 


p45) = Wt) (14-26) 
Or 
iu(t) = in(4) (14-27) 


This property is often referred to in the literature as the principle 
of conservation of flux linkages. 

As a summary, we have shown that whenever the trajectory 
reaches a terminal state representing the end point of a multi- 
valued branch, it must jump instantaneously to another point on the 
multivalued curve f(x) called the transition state. The exact loca- 
tion of this transition state can be determined by invoking the 
principle of conservation of charge (flux linkages) if the state vari- 
able x represents g or U¢ (¢ or iz) of a capacitor (inductor). In view 
of their importance, we shall restate these principles as follows: 


PRINCIPLE OF CONSERVATION OF CHARGE 


In the absence of an infinite current at ¢ = f;, the charge g and the 
voltage vc across a capacitor cannot change instantaneously. 


PRINCIPLE OF CONSERVATION OF FLUX LINKAGES 


In the absence of an infinite voltage at ¢ = 1;, the flux linkage 
and the current i, in an inductor cannot change instantaneously. 


14-7 INCOMPLETE MODELS REQUIRING ADDITIONAL PARASITIC ELEMENTS 


In Sec. 14-5 we classified any network model which leads to 
physical inconsistencies as being incomplete. This class of incom- 
plete network models arises as a result of an oversimplification in 
the components of the corresponding physical networks, namely, 
whenever certain major parasitic capacitors or inductors cannot be 
neglected. The only valid method to resolve this inconsistency is to 
include the major energy-storage elements, thereby increasing the 
order of complexity of the resulting networks. Since higher-order 
networks are much harder to analyze, we tried to preserve the 
simplicity of first-order networks by introducing the inertia postu- 
late and the principles of conservation of charge and flux linkages. 
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These “gimmicks” will allow us to analyze a large class of practical 
dynamic networks as first-order networks. However, the only 
justification for introducing these gimmicks is that they allow us 
to resolve the inconsistency successfully. There is no guarantee that 
these gimmicks will work in all cases. In fact, we shall now show 
that there are occasions where it is necessary to include additional 
parasitic elements. 

One occasion to which these gimmicks do not apply occurs 
when the multivalued function f(x) has more than three branches. 
For example, consider the network shown in Fig. 14-12a, where 
the DP plot of the black box is shown in Fig. 14-126. The normal- 
form equation is given by 


oe = —I1 = —g(V’c) (14-28) 
In this case the state variable x is vc, and the function f(x) is 
given by —g(uvc), as shown in Fig. 14-12c. Observe that the lower 
part of this multivalued curve is identical with that shown in Fig. 
14-10a. Therefore, if we assume the same initial state Py(v¢ = 
5 volts) as before, the operating locus will move from P; toward the 
terminal state a. Upon reaching a, the locus must jump upward 
vertically to a transition state on the curve. However, there are 
now three possible candidates, namely, a’, a”, or a”. There is 
no physical principle that will allow us to decide which of these 
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Fig. 14-12. An example show- 
ing how a multivalued function 
can lead to nonunique solu- 


tions. 


fy =e.) 
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points is actually the transition state. Hence, if we insist on using 
this incomplete model, we must assume each of the three transition 
states as equally likely and obtain a solution in each case. The re- 
sult is that we have three distinct solutions, whereas only one of 
them will actually be observed in practice. 

We shall now show that the above difficulty can be easily re- 
solved by introducing a parasitic inductance L in series with the 
capacitor as shown in Fig. 14-12d. This parasitic element may 
represent the line inductance of the wire connecting the capacitor 
to the black box. Let us write the normal-form equation of the re- 
sulting second-order network in terms of the state variables i, and 
Uc. Since i = iz, the v-i curve v = r(i) shown in Fig. 14-125 can 
also be written as v = r(iz). The resulting normal-form equations 
are given by 


dir, 1 p 

eae eet (ae 4-2 

ae ae (14-29) 
duc Ia 

Rog 14-30 
dt ce ( ) 


Since r(iz) is a single-valued function of i,, these differential equa- 
tions are well-defined mathematically, and can be solved by the 
methods to be presented in Chap. 19. If we compare these equa- 
tions with Eq. (14-28), we shall see how the introduction of the 
parasitic inductor resolves the inconsistency; namely, the multi- 
valued function i = g(v) is obviated by the introduction of i = iy, 
as the independent variable, thereby resulting in using the inverse 
function v = r(i). 

Another occasion where additional parasitic energy-storage 
elements may be required to resolve the inconsistency arises when- 
ever a transition state does not exist. For example, suppose the v-i 
curve shown in Fig. 14-125 is replaced by the multivalued function 
shown in Fig. 14-13a. The corresponding function f(x) is shown in 
Fig. 14-135. If we choose P; again as the initial state, the operating 
locus will once again reach the terminal state a in a finite time. 
Since the capacitor voltage vg cannot change instantaneously, there 
is no point on the curve f(x) that can qualify as a transition state. 
Hence there can be no solution in this case. This difficulty is even 
worse than the case presented earlier, where at least one of the 
three solutions is valid. One way to resolve this difficulty is to in- 
troduce a parasitic inductance as before, thereby obtaining Eqs. 
(14-29) and (14-30) as the normal-form equations. Another way to 
resolve this difficulty is to recognize the fact that the v-i curve of 
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f (x)= —g (Ug) 


Fig. 14-13a is really incomplete in the sense that it possesses some 
missing branches which are not given. This conclusion is based on 
the reasoning that no physical network can exhibit a DP plot with 
a branch that tends to infinity in the fourth quadrant.! Invariably, 
the DP plot in the fourth quadrant must bend toward the third 
quadrant again, so that it will be in the third quadrant as v tends 
to —oo. In this case, the corresponding curve f(x) = —g(vc) 
in Fig. 14-135 will have a branch that tends to infinity in the 
second quadrant, and a transition state can always be found. 
There are more complicated examples where more than one 
parasitic element may be required, namely, when the DP plot 
is neither voltage-controlled nor current-controlled. The methods 
to handle these more difficult cases are beyond the scope of this 
book. However, it is comfortable to know that most of the common, 
practical, first-order networks that exist today can be successfully 
analyzed by the techniques introduced in the preceding sections. 


14-8 THE PIECEWISE-LINEAR APPROACH 


The method presented in the preceding sections is valuable for ob- 
taining qualitative properties of the network. It is not a very 
convenient method for obtaining the exact quantitative waveform 
because of the need to time-scale the trajectories, unless a computer 
is used. We shall now present a very practical method for obtaining 
the exact solution waveforms by inspection. The only restriction is 
that all nonlinear elements must be represented by piecewise-linear 
characteristics. For pedagogical reasons we shall develop this 
method inductively. 
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Fig. 14-13. An example illus- 
trating the nonexistence of a 
transition state. 


1 Since the power dissipated 
at any point of the DP 
plot in the second or the 
fourth quadrant is nega- 
tive, the corresponding 
network is actually gen- 
erating or delivering power 
to its external load when- 
ever its operating point 
lies in the second or the 
fourth quadrant. Hence, 
an infinite branch in these 
quadrants would imply an 
infinite source of power. 
Review the significance of 
passivity in Sec. 1-9. 
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1Observe that since only 
one nonlinear DP plot is 
involved here, we have 
chosen the  single-sub- 
script symbols r;, Ej, gj, 
and J; in favor of the 
double-subscript symbols 
Kir kL, KB, aNd jJ; used in 
Chap. 12. 

2 For reasons that will soon 
be obvious, it is more con- 
venient to choose i instead 
of i, as the state variable. 
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14-8-1 NETWORKS CONTAINING A LINEAR ENERGY-STORAGE 
ELEMENT ACROSS A NONLINEAR RESISTIVE NETWORK 
CHARACTERIZED BY PIECEWISE-LINEAR SEGMENTS WITH FINITE 
NONZERO SLOPES 


At any time ¢ = fo, a piecewise-linear network must operate on 
some linear segment j of the DP plot as seen by the energy-storage 
element. In view of the inertia postulate the operation will continue 
to stay on the same segment / until it reaches the breakpoint 
of this segment at some time f = h. During the time interval 
(to,t1), the nonlinear resistive network appears as a linear network 
to the energy-storage element. Therefore, it can be replaced either 
by its iterative Thévenin or Norton equivalent circuit as shown in 
Fig. 14-14a and b when the energy-storage element is a capacitor, 
and as shown in Fig. 14-14c and d when the energy-storage ele- 
ment is an inductor.! The corresponding normal-form equation is 
given by? 


a= ae a mie (14-31) 
a _ aaa cL rae (14-32) 
fap 3(-4) 09 
ori y (14-34) 


Observe that these equations are of the same form as 


Oe ee 
Fe ap Zhe 7 Xj(te) (14-35) 
where 

7 = jC (14-36) 
XAbe) = E; = — Ir; (14-37) 


for the capacitor, and 


ee 
— (14-38) 
E; 
Xj(te) = i eS ee (14-39) 
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for the inductor. The constant 7; will play an important role later, 
and will be called the time constant corresponding to the segment / 
of the network. If we equate the right-hand side of Eq. (14-35) to 
zero, we find that the constant x,(¢,) is simply the equilibrium state 
corresponding to segment 7 of the network. In particular, the 
equilibrium state defined by Eq. (14-37) is easily seen to be the in- 
tersection of segment / (or its extension) with the v axis.1 Similarly, 
the equilibrium state defined by Eq. (14-39) is easily seen to be the 
intersection of segment j (or its extension) with the 7 axis. It 
is important to observe that since each segment / of the DP plot is 
defined over some interval, the value x,(¢-) at the equilibrium state 
may fall outside the interval of definition for segment j. In this 
case we shall call x;(t-) a virtual equilibrium state. Clearly, the solu- 
tion x(t) will never reach a virtual equilibrium state because as 
soon as x(t) reaches the breakpoint of segment /, it will enter a new 
segment. We shall see shortly, however, that a virtual equilibrium 
state is useful in determining the solution of a network by 
inspection. 


Basic form of solution Let us now investigate the nature of the so- 
lution to Eq. (14-35) corresponding to an initial state x = x;(to) 
located in segment /. By a direct substitution, we can easily verify 
that the solution is given by 


X(t) = Xi{te) + [Xf(to) — xXteJJe WO" tS bo (14-40) 
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Fig. 14-14. During the time 
interval (¢o,f1), a first-order 
nonlinear network is equivalent 
to a first-order linear network. 


1 Refer to Fig. 12-1 for this 
interpretation. 


662 Dynamic nonlinear networks 


Ax(t) ae 
Time constant 7; <0 
x,(t)) +— (t,-t,) 
ity te) 
Time constant 7. > 0 
| j # (to) 7—— Z “ee 
| yas 
see Fe ea | Y 
| |——| 
| ord [x;(t,)—x,(t,)] = Sah : 1037 [x)(tp)—#)(te)] 
—_—=——_—_———_—_—_——————— == = _ es pe re 
x (t,)7 aa x; (t,) | | 7 
i Wathat PD : ! 
(ail esd a | a 4 ——} = 7, 
lay On \% Ne (t)—7; ) ay Ue t, 
al (to+7;) (t)+57, ) 7, 


Fig. 14-15. The important pa- 
rameters associated with an 


exponential waveform are the "This solution is clearly valid for all times 7 > % for which the 

initial state x,(to), the equilib- fee : as 3 

Puniciate. 4.) faqeite ume value x(?) falls within the interval of definition of segment /. An 

constant 7. examination of Eq. (14-40) shows that it is completely specified by 
three parameters, namely, 


1. The initial state x;(¢o) 
2. The equilibrium state x;(¢¢) 


3. The time constant 7; 


Given these three parameters, the solution x(‘) can be obtained 
without having to solve the associated differential equation. This 
observation is the key to our method. Before we discuss this new 
method, however, it is instructive that we interpret Eq. (14-40) 
geometrically. 
Depending on the sign of the time constant 7;, Eq. (14-40) repre- 
sents either a decaying exponential as shown in Fig. 14-15a or 
a growing exponential as shown in Fig. 14-155. Observe that 
for 7; > 0, the exponential waveform x(t) > x;(te) as t > o0.f On 
the other hand, for 7; < 0, the exponential waveform x(t) > 
Xj(te) as t > —oo. Observe further that in the first case, where 
7; > 0, the value of x(t) after one time constant (¢ = fo + 7;) 
| For this reason the equilib- is equal to the equilibrium state plus 37 percent of the distance 
rium state corresponding ~~ between the initial state and the equilibrium state. In the second 
to a positive time constant : : 
is often called the final CaS€, where 7; <0, the value of x(¢) at one time constant in 
value. the past (¢ = % — 7) is also equal to the equilibrium state plus 37 
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percent of the distance between the initial state and the equilibrium 
state. These observations follow from the fact that 


X(t + |15]) = X4(te) + 0.37[%,(to) — x;(te)] (14-41) 


where the plus sign corresponds to 7; > 0, and the negative sign 
corresponds to 1; < 0. In view of these properties, we can conclude 
that when 7; > 0, the exponential waveform would approach 
its equilibrium value after a time interval equal to five or more 
time constants. In other words, 


Nii Alc) fot t > to + 51; (14-42) 
Similarly, we can conclude that when 7; < 0, 
x(t XA) for t < to — 5)z;| (14-43) 


The above results allow us to sketch the waveforms very accurately, 
knowing only x;(fo), x;(te), and 7). 

Another result that will be of much use to us is an expression 
giving the time interval between any two points a and b on 
an exponential curve. This can be easily derived from Eq. (14-40). 


— X(ta) x= Xj(te) 
tap = ty — ta = 7) MN ——S 4S 14-44) 
eae ialuacinigt ai Olicarato 
This equation is valid regardless of the sign of 7;. However, if 
T; <0, it is more convenient to rewrite Eq. (14-44) in the form 


= X(ty) — Xi(te) 
tad = ty — tg = —Tj In (14-45) 
iy 1 lta) = X(t) 

Finally, it is sometimes convenient to be able to determine by 
inspection the slope at a given point on an exponential. This 
is given earlier by Eq. (14-35), which we rewrite into the following 
form: 


x/(t) = aoe x(t) (14-46) 
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+ The value x;(fo) represents 
either the initial voltage v 
on the DP plot for the 
capacitor or the initial cur- 
rent ion the DP plot for the 
inductor. Observe further 
that whereas v(to) = vo(to), 
(fo) = =tz(o): 
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If we let ¢ = fo in Eq. (14-46) and combine it with Eq. (14-40), we 
obtain 


x(0) = xj{te) — 7pX/(Io)e Wr (14-47) 


Equation (14-47) represents an alternate way of determining the 
equation of an exponential in terms of the time constant 7;, the 
equilibrium state x,(¢e), and the slope x’(¢o) at the initial time fo. 
This shows that it is always possible to draw an exponential with 
any prescribed initial slope, any equilibrium state, and any time 
constant. 

For future reference the various properties characterizing an 
exponential waveform and their relationships to the solution of 
first-order networks are summarized in Table 14-1. With the help 
of this table, we can obtain the complete solution of any piecewise- 
linear first-order network by inspection. The basic procedure can 
be outlined as follows: 


1. Label the segments of the DP plot from | to n, starting from 
the leftmost segment. 


2. Locate the pertinent segment j containing the initial state x;(¢o).7 


3. Using the relationships given in Table 14-1, determine the 
equilibrium state x,(¢,) and the time constant 7; corresponding 
to segment j of the DP plot. 


4. With x;(¢o), x;(te), and 7; known, sketch the exponential wave- 
form and specify the corresponding equation x(t) for ¢ > 0. 


5. If the value of x(t) obtained in step 4 stays within the interval 
of definition of segment / for all times ¢ > fo, then the complete 
solution consists of this single exponential time function. 


6. If the value of x(¢) exceeds the interval of definition of segment 
j, then we must determine the time ¢ = 4, where x(f) reaches the 
terminal state (breakpoint) of segment j. The exponential solu- 
tion is then valid only for fo < t < h. 


7. To find the continuation of the solution for t > t,, determine 
the transition state with the help of the inertia postulate and the 
principles of conservation of charge and flux linkages. 


8. With the transition state obtained in step 7 as the new initial 
State, repeat steps 2 to 7 as many times as necessary until the 
solution x(¢) is found for all times ¢ > to. The solution asso- 
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ciated with any piecewise-linear segment of the DP plot will 
always be an exponential waveform, provided that each seg- 
ment of the DP plot involved has a finite and nonzero slope. 


EXAMPLES 


1. Consider the network shown in Fig. 14-16a where the DP plot 
of the resistive subnetwork N is shown in Fig. 14-160. If the 
initial voltage across the capacitor at f = fo is V¢(to) = Eo (the 
value Eo is labeled on the v axis), find the capacitor voltage u¢(2) 
and the capacitor current ic(/) for all time ¢ > fo. 

Since v = Uc we have v(fo) = Eo, and hence N is operating 
initially on Po of segment 2. This means that at ¢ = f (and at 
all times ¢ > fo where the operating point remains on segment 
2), the DP plot of N appears as a straight line to the capacitor 
as shown in Fig. 14-17a. This follows because until such time 
as the operating point reaches breakpoint a of segment 2, 
the capacitor does not know that the DP plot of N is nonlinear. 
What the capacitor “experienced” here is analogous to what a 
man experiences driving on a straight but signless road on 
a foggy day. If the road eventually makes an abrupt change in 
direction, the man will not know it until he arrives at the 
turnoff point. However, even though he did not have this 


Fig. 14-16. A first-order net- information, he can correctly predict his “present” position by 
work with a monotonically in- 
creasing DP plot and a linear 


capacitor (Example 1). hi 


(6) 
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Fig. 14-17. The iterative linear 
network for determining vc(2) 
during the time interval where 
N is operating on segment 2. 


assuming that the road is perfectly straight up to infinity, 
provided he knows his initial position and his speed. Likewise, 


we can determine v¢(¢) for all times where the operating point 
remains on segment 2 by replacing N with its iterative linear 
network as shown in Fig. 14-17b. 

The solution can now be obtained by determining the 
initial state, the equilibrium state, and the time constant corre- 
sponding to segment 2. 

The initial state is given by v(to) = Eo. The equilibrium 
state can be determined by inspection of either Fig. 14-17a or 
b; namely, ve(te) = E2.¢ From Table 14-1 we obtain the time 
constant T2 = r2C and the associated solution 
v(t) = Ez + (Eo — Ezje~& to/me (14-48) 
for t > to. The solution can also be sketched directly as shown 
in Fig. 14-17c. This is done by plotting an exponential waveform 
with the time constant t2 starting at v = Eo and approaching 
an asymptote atv = Ep». 

An examination of the DP plot of Fig. 14-165 shows that 
segment 2 is defined only up tov = E3. Therefore, only the solid 
portion of the exponential waveform shown in Fig. 14-17c con- 
stitutes the valid solution. To determine the time ¢, when 
the solution arrives at breakpoint a, we obtain from Eq. (14-44) 


Eo — Ee 
EZ — hs 
Since point a represents a terminal state, the capacitor must 
make a joint decision with the network N as to where to go 


next so that both C and N will remain “happy.” In other 
words, we must find the transition state. As far as the capacitor 


ta = to + (r2C) In (14-49) 


+ Recall that the equilibrium 


state for the capacitor 
case is equal to the volt- 
age intercept of the 
pertinent segment or its 
extension. It is also equal 
to the voltage across the 
capacitor terminals when 
the capacitor is replaced 
by an open circuit. For 
identification purposes, a 
subscript corresponding to 
the pertinent segment will 
be associated with the 
variable v. 
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Fig. 14-18. The iterative linear 
network for determining vc(4) 
during the time interval when 
N is operating on segment 3. 


Dynamic nonlinear networks 


is concerned, we have i = —C dv/dt or dv/dt = —i/C. Since 
point a is in the lower half-plane, the value of i at this point is 
negative; therefore, dv/dt >0 at the terminal state a. This 
means that to make the capacitor “happy,” its voltage vu(¢) 
att = t, must continue to increase. But as far as N is concerned, 
the network must at all times be operating at a point on the DP 
plot. It is possible to satisfy both C and N by continuing 
to segment 3. Point a of segment 3 is, therefore, the transition 
State. 

At ¢ = fj, and at all times thereafter while the operating 
point remains on segment 3, the capacitor sees the linear DP 
plot shown in Fig. 14-18a. Therefore, we can replace N by its 
iterative Thévenin equivalent circuit as shown in Fig. 14-18d. 
The initial state now is given by v3(¢q) = £3. The equilibrium 
state is given by v3(f2) = E3, and the time constant is simply 
T3 = r3C. The corresponding solution for ¢ > fg is given by 


v(t) = E3 + (Ez — Es)e~ta)/rse (14-50) 
and the waveform is readily sketched as shown in Fig. 14-18c. 
However, upon arriving at breakpoint b of the DP plot of 
Fig. 14-165, the terminal state of segment 3 is reached, and the 
solution given by Eq. (14-50) is, therefore, valid only in the 
time interval fg < t < ty, where 
E3 — E3 
Et} — E3 
To determine the transition state again, we find that 
dv/dt = —i/C is positive at b because i < 0 at this point. We 


i = 41730) In (14-51) 
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conclude by the same reasoning as before that the operating 
point will continue to segment 4. 

On segment 4, the capacitor sees the linear DP plot shown 
in Fig. 14-19a and the iterative Thévenin network shown in 
Fig. 14-195. The initial state in this case is given by u(t)) = Ei, 
the equilibrium state is given by v(t.) = E4, and the time con- 
stant T4 is equal to r4C. The solution for ¢ > fy is, therefore, 
given by 
v(t) = Ey + (EE — Egje¢-t)/s€ (14-52) 
and the corresponding waveform is sketched as shown in Fig. 
14-19c. Since it will take an infinite time interval for this 
exponential to reach the equilibrium value £4, and sincev = F4 
is contained within segment 4, the solution given by Eq. (14-52) 
is valid for t < t < oo. Since ve = v, the complete solution is 
given by 

Fo+(2o—fejee wre pst 
vt) = |} Fs + (E;-—Esje wr tg Sth (14-53) 
E,+ (Ef — Ege ene p< t<o 


The corresponding waveform for u¢(t) is identical with that 
shown in Fig. 14-19c, and is replotted in Fig. 14-20a for future 
reference. Observe that the two adjacent exponential waveforms 
at each transition time ¢, or f have identical slopes. This obser- 
vation can be verified by evaluating vé(7) from Eq. (14-53) at 
t, and ft). The fact that the slopes are identical at f, or f can 
also be proved from the relationship i = C dv¢/dt. Since C is a 
constant, the current i will exhibit a jump if dvc/dt at fj and 
tt are not identical. But we have just found that the operating 


Fig. 14-19. The iterative linear 
network for determining v¢(t) 
during the time interval where 
N is operating on segment 4. 


669 


(b) 


670 Dynamic nonlinear networks 


Fig. 14-20. The complete solu- 
tion waveforms u¢(Z), i(t), and 
if(t) for Example 1. 


point traverses the DP plot of Fig. 14-165 continuously from 
point Po to the equilibrium state at v = E4, and therefore can- 
not exhibit any instantaneous jump. 

To complete the solution of this problem, let us determine 
the capacitor current i((f). Since ig = —i, it suffices for us 
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to determine i(¢). There are two methods for determining i(/). 
The first method consists of evaluating 
dug 


8 a eer (14-54) 


directly from u¢(4) given in Eq. (14-53). The result is 


(Eo — Ener ay St ty 

Z 

i(t) = +3 _ Eze-to/s0 a Sth (14-55) 
3 


(ES SBje Hin 4<t<o 


This solution could have been obtained directly from vo(2), as 
shown in Fig. 14-20a, by graphical differentiation. In either case, 
the resulting waveform for i(t) is shown in Fig. 14-20, and the 
desired solution ic(f) is simply the negative of i(f) as shown in 
Fig. 14-20c. The above method for determining i¢(t) is con- 
ceptually rather straightforward. However, it is a circuitous 
method because it is necessary to determine vu¢(¢) first. In prob- 
lems where only i¢(¢) is sought, it will be much easier to use an 
alternate method described as follows. 

The alternate method for determining the capacitor current 
i({t) by inspection is based upon the following two important 
properties of exponential solutions of iterative linear networks: 


Property 1: The derivative of any exponential time function is 
also an exponential with an identical time constant. 


Property 2: The capacitor current ic(t) is always equal to zero 
when it is in equilibrium. Therefore, i;(t.) = 0 on 
any segment. 


In view of these properties we may conclude that since 
ud(t) always consists of exponential segments, so does i(t). More- 
over, the transition times for v(t) and i(¢) will always be iden- 
tical because v¢(t) and i(f) have identical time constants. This 
means that we can always determine the initial state i(¢o), the 
equilibrium state i(t-) (which is always zero because of property 
2), and the time constant 7; = 7;C. Therefore, once the sequence 
of operating segments, henceforth called the dynamic route, is 
known, the corresponding solution i(t) can be determined by 
inspection. In this example, the dynamic route starting at Po and 
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Fig. 14-21. The solution i(d) 
can be determined by inspec- 
tion of the dynamic route along 
the DP plot. 
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Dynamic route 


-  E3;-E, 


terminating at the equilibrium state v = E4 or i = 0 is easily 
determined as before and is shown by the bold lines in Fig. 
14-21. 

To determine i(7), we start with segment 2, and by inspec- 
tion of the dynamic route obtain i(fo) = Jo, i2(te) = 0, and 
Tz = reC. The solution is, therefore, given by 
His toe See “tot < f, (14-56) 
where 
In — 0 
Iz —0 
Similarly, on segment 3 we obtain i(t,) = J3, is(te) = 0, and 
T3 = r3C. The corresponding solution is 
i(t) = Tze" @taiirs€ te th (14-58) 
where 


tp Sip Gee) in (14-57) 


Iz — 0 
If—0 
Finally, on segment 4 we obtain i(t,) = I%, is(te) = 0, and 
T4 = r4C. The corresponding solution is 

it) = Ige~ t-te) ic. bi 00 (14-60) 


Applying simple analytic geometry to the DP plot shown 
in Fig. 14-21, we easily see that 


fh =tg+ (r3C) In 


(14-59) 
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Ae (Eo — 2) (14-61) 
2 
EA — E. a= 
jE = U5 ep =_ Es— 2 (14-62) 
+ ee 3 
Ik == (E3 7 E14) = (E3 -s E3) (14-63) 


If we substitute Jo, J3, and J% in Eqs. (14-56) to (14-60), we ob- 
tain Eq. (14-55), thus verifying the validity of the above method. 

Comparing the above methods, we see clearly that the 
alternate method is computationally much simpler than the 
earlier method. 


. Find the inductor current i;(¢) and the inductor voltage u,(¢) of 
the network shown in Fig. 14-22a, corresponding to an initial 
current iz(¢9) = —Io. The DP plot of the resistive subnetwork 
N is current-controlled and is shown in Fig. 14-225. 

Since the DP plot is given in the v-i plane, it is more con- 
venient for us to choose i instead of i, as the state variable. 
Since i(to) = Io, the network is initially operating on segment 4 
as shown by the point Po in Fig. 14-225. As before, it is neces- 
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Fig. 14-22. A first-order net- 
work with a current-controlled 
DP plot and a linear inductor 
(Example 2). 


(a) 
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hi (t) 


ince 
If+-- 
I, li 
(c) 

Fig. 14-23. The iterative linear 
network for determining i(2) : F 5 
during the time interval where sary to determine the dynamic route along the DP plot. This 
N is operating on segment 4. can be easily found from the basic relationship di/dt = —v/L. 


Observe that di/dt < 0 whenever v > 0, and vice versa. This 
means that the current 7 in the right half-plane must be de- 
creasing with time, and the current 7 in the left half-plane must 
be increasing with time. Since the initial segment is in the right 
half-plane, the dynamic route will move down segment 4, 
as shown in Fig. 14-225, until it arrives at the terminal state a, 
which is still in the right half-plane. Therefore, the dynamic 
route must continue to decrease along segment 3. It will cross 
the v axis and eventually arrive at the terminal state b. Since 
point b is still in the right half-plane, the dynamic route will 
continue to decrease along segment 2 until it arrives at the 
equilibrium state i = J2, as shown in Fig. 14-226. 

By arguments dual to those used in the preceding example, 
we observe that during the entire time interval while the net- 
work is operating in segment 4, the inductor sees a straight DP 
plot as shown in Fig. 14-23a. The resistive subnetwork N can, 
therefore, be replaced by its iterative linear equivalent circuit as 
shown in Fig. 14-23b. The initial state is given by i(to) = Io, 
and the equilibrium state is given by is(t,) = I4. Since the 
energy-storage element is an inductor, the time constant is 
given by t4 = L/r4. The solution corresponding to segment 4 
is, therefore, given by 


i(t) = In + Up — Ig)e7t4¢-t0/ (14-64) 


where ¢t > fo. Alternately, we can obtain the solution graphically 
by inspection as shown in Fig. 14-23c. Obviously, this solution 
is valid only up to the time ¢,, where 
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L, Ip -— I 

ly = lo + eo; iv 
To find i(t) for t > ta, we observe that the DP plot can be 
replaced by the straight line shown in Fig. 14-24a and the 
corresponding iterative linear network as shown in Fig. 14-24b. 
The initial and the equilibrium states are given, respectively, by 
i(ta) = I3 and i3(t,) = 3. Since the slope of this line is negative, 


(14-65) 


we obtain a negative time constant r3 = —L/|rs3|. The corre- 
sponding solution is given by 
i(t) = I3 + Us — Is)elrsl@-ta/L (14-66) 


where ¢ > f,. Alternately, this solution can be obtained graphi- 
cally as shown in Fig. 14-24c. Observe that we have used the 
properties that for a negative time constant the exponential 
through the initial state i = 4 is asymptotic to the horizontal 
line through the equilibrium state 7 = J3, and that if we move 
back one time constant to ft = fg — |73|, the exponential wave- 
form will reach 37 percent of (J3 — I$) from its equilibrium 
state at i = J3. Another important clue for drawing this expo- 
nential is to notice that the slopes of the preceding and the 
present exponential waveforms at ¢ = f, are continuous. This 
follows because the dynamic route does not show a jump in the 


inductor voltage v, = —L di/dt at t = tq. The above solution 
is valid only over the time interval (¢,,t,) where 
ye: i a= Sf 3) 


=a + seety Fe (14-67) 


Irs] 13 — Ts 
For t > f, the inductor sees the straight DP plot shown in 
Fig. 14-25a, and the corresponding iterative linear network is 


Ai(t) 
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Fig. 14-24. The iterative linear 
network for determining i(2) 
during the time interval where 
N is operating on segment 3. 


(a) S (b) 
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> U 


Fig. 14-25. The iterative linear 
network for determining i(t) 
during the time interval where 
N is operating on segment 2. 


1We shall say a dynamic 
route is continuous if it 
does not exhibit any in- 
stantaneous jumps. 


(b) 


shown in Fig. 14-25. The initial and equilibrium states are 
given, respectively, by i(t) = Jz and ic(t-) = Jz. The time con- 
stant is once again positive and is given by tz = L/re. From this 
information we obtain the solution 


i(t) = In + Ug — Injen (14-68) 


where t > fy. This solution can also be obtained graphically as 
shown in Fig. 14-25c. Observe again that the slope at ¢ = f 
must be continuous. Otherwise, the inductor voltage will jump 
here, thus contradicting the continuous dynamic route shown 
in Fig. 14-226.1 

Since i, = —i, the complete solution i;(f) is obtained from 
Eqs. (14-64) to (14-68) as follows: 


—Te Uo ere to<t<ta 

int) = |—I3 — Ud — [5)el"s\t-ta/L a (14-69) 
Ip — (Iz — byert/L a St Sw 

This is plotted in Fig. 14-26a. 

It is now a simple matter to find v,(t). We can use the 

relationship v, = L di,/dt and Eq. (14-69) to obtain 
r4(Io — Tg)e~ 14 to)/L lo <t<la 

u(t) = | — |r| — Tg)el"s!- tah ay a | (14-70) 
roU3 _ Io)e772t—toy/L ity SUK CO 
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We can also obtain this solution by a graphical differentiation 
procedure as shown in Fig. 14-26d. In either case these methods 
require the determination of i;(f) first. 

It is possible to avoid this circuitous approach by taking 
advantage of the property that v;(t) must consist also of expo- 
nential waveforms having time constants identical with i(¢) over 
the same time intervals. Therefore, all we need to know are the 
initial state, the equilibrium state, and the time constant over 
each segment of the dynamic route. For example, correspond- 
ing to segment 4 of Fig. 14-22b, we have v(to) = Eo, va(te) = 9,7 
and t4 = L/r4. Therefore, we have 


Oath en Oh ST <a (14-71) 
where 
os wiadoee tio. (14-72) 
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Fig. 14-26. The complete solu- 
tion waveforms iz(t) and v;(2) 


for Example 2. 


+ Observe that the voltage 
across an inductor in 


equilibrium 
equal to zero. 


is 


always 
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1 This is dual to the capaci- 
tor case where the equilib- 
rium current is always 
zero. 
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Corresponding to segment 3 of the dynamic route, we obtain 
the initial state v(t.) = E3, the equilibrium state v(t.) = 0, and 


73 = —L/|r3|. Therefore, we have 
u(t) = Ezeh tg t< bp (14-73) 
where 
+ 
eee eee (14-74) 
Irs] Es 


Finally, corresponding to segment 2 of the dynamic route, the 
initial state v(t) = E%, the equilibrium state ve(¢.) = 0, and the 
time constant t2 = L/re are obtained. Therefore, we have 


v(t) = Etent-m/L ty <t <0 (14-75) 


By simple analytic geometry it is easy to derive from Fig. 14-22b 
the following identities: 


Eo rao — 14) (14-76) 
E3 = —|rsi\U3 — Is) (14-77) 
ES = roU3 — 12) (14-78) 


Substituting these identities into Eqs. (14-71) to (14-75), we ob- 
tain the same result as Eq. (14-70). Observe, however, that the 
present method is computationally much simpler because the 
equilibrium voltage v,(¢,) is always zero,! and no differentiation 
is needed. 


. Consider next the network shown in Fig. 14-27a with the DP 


plot shown in Fig. 14-276. If the initial capacitor voltage 
is given to be vu¢c(to) = Eo, find v¢(t) and i¢(t) for all times 
pS Thy 

As usual, the first step is to determine the dynamic route. 
Since the energy-storage element is a capacitor, we have dv/dt = 
—i/C and hence, dv/dt <0 whenever i >0 and dv/dt>0 
whenever i <0. From this, we can formulate the following 
general rule: the capacitor voltage must always decrease along 
the DP plot in the upper half-plane and increase along the DP 
plot in the lower half-plane. Therefore, starting with the initial 
state Po on segment 2, the dynamic route must move up along 
this segment as shown in Fig. 14-27b. When it reaches the ter- 
minal state a, the capacitor voltage must continue to increase 
because point a is still in the lower half-plane. But it cannot 
continue to segment 3 because the voltage is decreasing there. 
The only way out of this dilemma is for the dynamic route to 


679 


Fig. 14-27. A first-order net- 
work with a current-controlled 
DP plot and its associated solu- 
tion waveforms (Example 3). 
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1The jump must be vertical 

because of the principle 
of the conservation of 
charge. 


2Whenever the voltage 
across a capacitor or the 
current in an inductor ex- 
hibits two distinct slopes 
at any time ¢7= 4%, the 
corresponding capacitor 
current or inductor voltage 
must exhibit a jump and 
is therefore undefined at 
t;. Accordingly, it becomes 
necessary to split the time 
4; into tj and fj, where 
f; and ¢ are infinitesimally 
less than and greater than 
tj, respectively. 
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jump up instantaneously along the vertical line shown in Fig. 
14-27b.1 Having established the transition state at point b 
(which is now in the upper half-plane), the capacitor voltage 
must begin to decrease along segment 5 and continue down 
along segment 4 until it arrives at the equilibrium state v = E4. 
The complete dynamic route is shown by the solid paths 
in Fig. 14-275. The next step is to determine the exponential 
solution associated with each segment. 

A review of the detailed procedure in the preceding example 
shows that a number of steps can easily be done mentally and 
can therefore be omitted. For example, the iterative linear net- 
works used in the preceding example are really unnecessary. 
They were used earlier in order to illustrate the main concept 
in a clearer perspective. The complete solution can be deter- 
mined by inspection of the dynamic route shown in Fig. 14-275. 
For convenience the pertinent information for each segment is 
summarized in Table 14-2. The complete solutions v¢(t) and 
it) for all times ¢ > fo are easily obtained from the data in this 
table and are shown, respectively, in Fig. 14-27c and d. Observe 
that, unlike the previous examples, the slope of u¢(f) at t = fq is 
discontinuous.? Since ic(t) = C dvc/dt, the capacitor current 
ic(t) must exhibit a jump here. This clearly agrees with the dy- 
namic route shown in Fig. 14-27b. Observe further that at 
t = f,, the slope of v¢(Z) is continuous, and the corresponding 
current i((f) is, therefore, continuous. This agrees again with the 
dynamic route. It should now be clear that our method in the 
present section provides many independent self-checking fea- 
tures. Any inconsistency that may arise means that an error 
has been committed, and it will be necessary to uncover the 
error before proceeding further. 


. As a final example consider the network shown in Fig. 14-28a 


with the DP plot shown in Fig. 14-285. The problem is to find 
i(t) and v;(t) for all times ¢ > fo corresponding to an initial in- 
ductor current iz(to) = —Jo. 


TABLE 14-2 Pertinent information for 
describing the dynamic route of Example 3. 


Segment Initial state Equilibrium state Time constant 
v(to) i(to) Vi(te) i(te) 7; 

2 Eo Io E> 0 reC 

5 ER Ty Es 0 r5C 

4 Es iy E4 0 raC 


ee 
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Fig. 14-28. A first-order network with a voltage-controlled DP plot and its associated solution waveforms (Example 4). 
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TABLE 14-3 Pertinent information for 
describing the dynamic route of Example 4. 


a Eee 


Segment Initial state Equilibrium state Time constant 
i(to) u(to) i{te) Vj(te) Tj 
4 ie Eo re 0 £ 
V4 
= 1G 
2 jie Es 16 0 = 
Applying the general rule that the current i = —i, through 


the inductor must decrease along the DP plot in the right half- 
plane and increase along the DP plot in the left half-plane, we 
immediately obtain the dynamic route as shown by the solid 
paths in Fig. 14-285. From this we summarize the pertinent 
data in Table 14-3. 

The complete solutions i(¢) and v;(t) are easily determined 
from the data in Table 14-3 and are shown, respectively, in 
Fig. 14-28c and d. Observe that the resulting waveforms for 
i(t) and vu,(t) are periodic for all times ¢ > t&. The period of 
oscillation T is readily determined as follows: 


L, I3-1 L, i-I1 
T=@—h) Gs) = suber gear aad 


(14-79) 


Observe further that v,(¢) exhibits two jumps because v;(t) = 
—L di/dt, and the slope of i(f) exhibits two discontinuities per 
cycle. This again agrees with the dynamic route shown in 
Fig. 14-285. 


14-8-2. NETWORKS CONTAINING A LINEAR ENERGY-STORAGE 
ELEMENT ACROSS A NONLINEAR RESISTIVE NETWORK 
CHARACTERIZED BY PIECEWISE-LINEAR SEGMENTS WITH 
ARBITRARY SLOPES 


So far we have assumed that the DP plot of the resistive subnet- 
work contains neither horizontal nor vertical segments. The reason 
for this assumption is that the time constant becomes either infinite 
or zero when such segments are present, and Eq. (14-35) is no 
longer applicable. Fortunately, these special cases turn out to be 
easier to handle because the iterative linear network becomes 
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a current source when the segment is horizontal and a voltage 
source when the segment is vertical. 

Consider first the case where the energy-storage element is a 
capacitor. To be specific, let us choose a typical DP plot containing 
both a horizontal and a vertical segment as shown in Fig. 14-29a. 
Suppose it is required to find v(t) and i(t) for all times t > fo corre- 
sponding to v(to) = Eo. 

First we must find the dynamic route. Since the capacitor 
voltage v must decrease along the DP plot in the upper half-plane, 
the dynamic route starting at Po will move /eft along segment 6 
until it arrives at the terminal state a, when it must make an instan- 
taneous jump along segment 5 to point b. This jump is due to the 
fact that point a is in the upper half-plane, and hence the voltage 
v must continue to decrease toward the left. This behavior is 
obvious from an inspection of the equivalent network shown 
in Fig. 14-29b where a voltage source Es is connected across 
the capacitor at ¢ = f,. Since point b is in the upper half-plane, 
the dynamic route must continue to move left, first on segment 4, 
then to the horizontal segment 3, and finally to segment 2 until it 
arrives at the equilibrium state v = Ep. 

We can apply our previous methods to obtain the solutions 
corresponding to each segment of the DP plot. The only difference 
here lies in segments 5 and 3. Since the time it takes to move from 
a to b of the vertical segment 5 is zero, only segment 3 needs 
further consideration. The equivalent network for this horizontal 
segment is simply the current source shown in Fig. 14-29c. To 
determine the waveform of u() on this segment, we observe that 


v(t) = - [_i@a= —  i(t) dr — e [ioe — (480) 


The first integral in the right side of Eq. (14-80) is by definition 
the initial voltage v(¢-). The second integral can be easily integrated 
to obtain a linear function of ¢ because i(r) is constant for any 
horizontal segment. We have shown, therefore, that the voltage 
waveform corresponding to any horizontal segment is always 
a linear “ramp” and can be expressed as 


Wi) = vt) — B= te) (14-81) 


where i is the current corresponding to the horizontal segment. 
From Eq. (14-81) it is easy to compute the time it takes the linear 
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b (e) 


Fig. 14-29. A first-order network with a DP plot containin 


g both horizontal and vertical seg- 
ments and its associated solution waveforms. 
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ramp v(t) to move from u(/) to any point v(t); namely, 


(¢(—t)= SSD = Keel (14-82) 


If we let AT = (¢ — ¢,) and Av = [v(2) — v(¢,)], Eq. (14-82) becomes 


AT = —c 2 (14-83) 


1 


This equation could have been derived more easily upon replacing 
the differentials in the expression i = —C dv/dt by incremental 
quantities, a legitimate operation since vu(f) is linear. 

Applying Eqs. (14-81) and (14-82) to segment 3 of the present 
DP plot, we obtain 


v(t) = Et — 2 (t — ft) (14-84) 
and 
= _ Ft 
a cEa— (14-85) 
3 


where ¢, and ¢g denote the time when the dynamic route arrives at 
points c and d, respectively. 

The complete waveform v(¢) is, therefore, as shown in Fig. 
14-29d. The corresponding current i() can be obtained either from 
i = —C dv/dt or from the dynamic route as before. The result is 
shown in Fig. 14-29e. 

By a dual procedure it is just as easy to determine the wave- 
forms v(t) and i(f) when the energy-storage element is a linear in- 
ductor. In this case, the current i(t) will become a linear ramp 
along any vertical segment and will jump instantaneously on 
a horizontal segment. The equation for i(t) corresponding to a 
vertical segment starting at i(¢o) is simply the dual of Eq. (14-81); 
namely, 


i(t) = i(to) — - Git) (14-86) 


Similarly, the time interval from the initial state to any point 
on the vertical segment is given by 
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Fig. 14-30. A piecewise-linear 
capacitor can be replaced by a 
voltage source and a linear ca- 
pacitor in series. A piecewise- 
linear inductor can be replaced 
by a current source and a 
linear inductor in parallel. 


ic 


ll 
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pa ek A) — Hol (14-87) 
Or 

Nea -e (14-88) 
where 


AT = (t — fo) and Ai = i(t) — (to). 


14-8-3. NETWORKS CONTANING A PIECEWISE-LINEAR 
ENERGY-STORAGE ELEMENT ACROSS A NONLINEAR RESISTIVE 
NETWORK CHARACTERIZED BY PIECEWISE-LINEAR SEGMENTS 
WITH ARBITRARY SLOPES 


Let us now consider the more general case where the energy-storage 
element is also nonlinear. To be specific, we shall assume that the 
capacitor is characterized by a piecewise-linear v-g curve and that 
the inductor is characterized by a piecewise-linear i-p curve. There- 
fore each segment of the v-q curve can be described by 


Se age eee noe Pee (14-89) 
Cj 
Similarly, each segment of the i-p curve can be described by 


in = 1-9 + ly eg (14-90) 
j 


Equations (14-89) and (14-90) can be represented by the iterative 
equivalent linear circuits shown in Fig. 14-30a and 5, respectively. 
For the nonlinear capacitor we can replace the network by the 
iterative linear circuit shown in Fig. 14-3la. Observe that we can 
combine the voltage source Eo, with the original network N to ob- 
tain an equivalent resistive subnetwork N; connected with a /inear 
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(a) 


(6) 


capacitor C;. Similarly, for the nonlinear inductor we can replace 
the network by the iterative linear circuit shown in Fig. 14-310. 
Observe that we can combine the current source J;, with the 
original network N to obtain an equivalent resistive subnetwork 
N; connected with a /inear inductor Lj. In either case, the resulting 
networks shown in Fig. 14-31 reduce to the same forms as those 
considered previously in Secs. 14-8-1 and 14-8-2. 

From the above observation it is clear that the same methods 
discussed previously are applicable here. But this time we have 


= -G (14-91) 


for the capacitor and 


di; 
Uj = SoG 
for the inductor. The time constants will now depend on both the 
resistance of each segment of the DP plot and the capacitance or 
inductance of the corresponding segment of the v-g or i-¢ curve. In 
order to keep track of which segment combination to use at any 


Fig. 14-31. An arbitrary first- 
order nonlinear autonomous 
network containing a piecewise- 
linear capacitor or inductor can 
always be converted into the 
equivalent forms shown in (a) 
or (b). 


» (| 
| 
Be | 


Fig. 14-32. The piecewise- 
linear networks in Fig. 14-31 
can be transformed into an 
equivalent network containing 
switches. 
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(a) 


(b) 


given time, it is sometimes convenient to redraw the networks in 
Fig. 14-31 into the more explicit form containing switches, as 
shown in Fig. 14-32. Observe that, in this case, the DP plot seen 
by the linear capacitor C; or inductor L; changes whenever the 
terminal voltage v or current 7 of the original resistive network N 
reaches a breakpoint of the v-g curve or the i-p curve, respectively. 
A network with this property is an example of a first-order switch- 
ing network to be discussed in the next chapter. Therefore, we 
should be able to handle this more general class of nonlinear net- 
works after studying Chap. 15. 


Exercise 1: Describe the step-by-step procedure for obtaining the capacitor 
current waveform or the inductor voltage waveform of any first-order autonomous 
network by inspection. 


Exercise 2: Replace the capacitor in Fig. 14-16a by an inductor and sketch 
the inductor voltage and current waveforms corresponding to an initial current 
i(to) = Ip. 


Exercise 3: Replace the inductor in Fig. 14-22a by a capacitor and sketch 
the capacitor current and voltage waveforms corresponding to an initial voltage 
U(to) = Eo (assume N is operating initially on segment 4). 


Exercise 4: Specify the DP plot of the network WN in Fig. 14-28a in order to generate 
the dual waveforms of Fig. 14-28c and d, if the inductor is replaced by a 
capacitor. 
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Exercise 5: Specify the DP plot of a network so that when connected across 
a 1-uF capacitor, a 1-kHz, 10-volt symmetrical triangular voltage waveform 
is generated. 


14-9 SUMMARY 


Two basic approaches: qualitative and quantitative The first approach 
finds the equilibrium states and their associated trajectories. It 
gives useful qualitative information. This approach is tedious if 
the solution waveforms are to be found because of the necessity 
for time scaling. The second approach is the piecewise-linear 
method and can be used to find the solution waveforms by inspec- 
tion. These two approaches supplement each other because the 
former is qualitative and the latter is quantitative in nature. 


General stability criteria An equilibrium state P; of the normal-form 
equation dx/dt = f(x) is stable if there exists an interval around 
P; such that f(x) is a monotonically decreasing function of x. 
Otherwise, it is unstable. 


Corollary to the stability criteria If the slope of f(x) is nonzero at 
each equilibrium state P;, then P; is stable if the slope of f(x) at 
P; is negative. Otherwise, P; is unstable. Moreover, if f(x) is 
a single-valued function, then the singular points must alternate 
between stability and instability. 


Stability criteria for two common circuit configurations For a capaci- 
tor circuit in configuration 1, an equilibrium state P; is stable if, 
and only if, 1/R > —g’(v), where g’(v) is the incremental conduct- 
ance evaluated at the equilibrium state P;. For an inductor circuit 
in configuration 2, an equilibrium state P; is stable if, and only if, 
R> —r'(i), where r’(i) is the incremental resistance evaluated at 
the equilibrium state Pj. 


Basic principle for handling multivalued functions © When f(x) of the 
normal-form equation is not a single-valued function, two tech- 
niques are available for obtaining a unique solution: 


1. Make use of the inertia postulate and the principles of conser- 
vation of charge and flux linkages. The solution waveforms in 
this case will contain jump discontinuities. 
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2. Introduce additional parasitic elements at strategic locations so 
that the normal-form equations can be obtained. The existence 
of the normal-form equations precludes the possibility of any 
jump phenomenon. 


Piecewise-linear method The first step is to draw the dynamic route 
corresponding to a given initial state. Each segment of the dynamic 
route gives rise to an exponential waveform whose exact form can 
be found by determining, by inspection, three pieces of informa- 
tion, namely, the initial state, the equilibrium state, and the time 
constant associated with the segment. The pertinent equations are 
given in Table 14-1. When a segment is either horizontal or 
vertical, the corresponding solution waveform is linear and can also 
be determined by inspection. 


PROBLEMS 


14-1 Let x = x, be an equilibrium state of the system dx/dt = f(x). 
(a) Prove that the equilibrium state x, is stable if, and only if, 
(x — xe) f(x) <0 for all values of x in the vicinity of x-; 
namely, (xe — €) < x < (Xe + ©), where «€ is any positive 
number which does not cause the initial state to move 
beyond any adjacent equilibrium state. 
(b) Apply the above criterion to test the stability of each of the 
equilibrium states of the equation dx/dt = cosh x — 10. 


14-2 Consider the two first-order circuits shown in Fig. P14-2a and b. 

The thermistor is assumed to be operating at T = 50°F. 

(a) Find the operating points of these networks when the capac- 
itor is open-circuited and the inductor is short-circuited. 

(b) For the tunnel-diode circuit shown in Fig. P14-2a, find the 
operating-point voltage that will be measured in steady 
state corresponding to each of the initial states v¢(0) = 0.25, 
0.1, and 0.5 volt. 

(c) For the thermistor circuit shown in Fig. P14-25, find the 
operating-point current that will be measured in steady state 
corresponding to each of the initial states i,(0) = 5, 25, 
50 ma. 


R=500 2 R=500 0 L 


== EL =(0)75\volt C => B= S0Volts 


(a) 
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(d) In theory, is it possible to operate at the middle equilibrium 
state? If so, specify the initial state for achieving this goal. 
Is this operating point observable in practice? Explain why. 

(e) Specify the range of permissible initial states for which the 
circuit will be operating at a given equilibrium state. 


14-3 Consider the network shown in Fig. P14-3a. The DP plot of the 
resistive subnetwork N is shown in Fig. P14-3, and the v-qg curve 
of the nonlinear capacitor is shown in Fig. P14-3c. 

(a) Write the equations of motion in terms of the state variable 
q. Plot the associated function f(q). 

(b) Find all equilibrium states and determine their stability. 

(c) Assuming an initial charge g(0) = —1 coul, find g(t) 
analytically. 

(d) Repeat part (c) by the qualitative method and sketch the 
trajectory accurately. 

(e) Determine the time scale analytically. Repeat by applying 
the trapezoidal rule. 


v, volts 


(a) 
Fig. P14-3. 
14-4 Repeat Prob. 14-3 for the network shown in Fig. P14-4. Assume 
that the initial inductor current iz(0) = 1.8 amp and choose the 
inductor flux linkage gp, to be the state variable. 
Fig. P14-4. 


he, weber-turns 


(a) 
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14-5 


Fig. P14-5. 


14-6 


14-7 


Fig. P14-7. 


L=1 mH 
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Consider the first-order network shown in Fig. P14-5, where the 

DP plot of the black box N is given by i; = v13 and the v-q curve 

of the capacitor is given by g = v°. 

(a) Ifthe initial charge q(0) = 1 coul, find q(¢) analytically. 

(b) Repeat (a) by the qualitative method. 

(c) Find v(t) and i(t) corresponding to the same initial state 
q(0) = 1 coul. 

(d) Determine v(t) directly from q(t) and the v-q curve. 


a 


Consider the network shown in Fig. P14-5 but with the DP plot 

given by i; = (v1 + Movy3)10~-¢ amp. 

(a) Assuming an initial voltage vc(0) = 5 volts and a linear 
capacitor C = | uP, find v(¢) analytically. 

(b) Repeat (a) by applying the qualitative method and the 
trapezoidal rule. 


Consider the first-order network shown in Fig. P14-7a, where the 
DP plot of N is given in Fig. P14-7b. Find the inductor current 
ix(t) and inductor voltage v,(t) for tr > 0 corresponding to the 
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initial states i,(0) = 7 ma and —10 ma. Sketch the time functions 
accurately and label all pertinent quantities. 


14-8 Consider the network shown in Fig. P14-8a where the DP plot of 
N is given by Fig. P 14-85. If the initial charge in the capacitor is 
q(O0) = —12 x 10-6 coul, find ip(t) and v¢(Z) for t > 0. Sketch the 
time functions accurately and label all pertinent quantities. 


hi, ma 


r, = 500 kQ 


r,=—-5002\ | _¢ 


14-9 Consider the network shown in Fig. P14-9a where the DP plot of _ Fig. P14-8. 
N is given by Fig. P14-9b. Find i,(¢) and u;,(f) for t > 2 sec corre- 
sponding to the initial current i,(2) = 5 ma. Sketch the time 
functions accurately and label all pertinent quantities. Assume 
that any jump in the dynamic route is toward the nearest positive- 
slope segment of the DP plot. Fig. P14-9. 


Ai, ma 


r, = —250 2 6+ 


—————_— 
6 8 v, volts 


Ze 
| x~— ¢—> + 


(6) 


(a) 
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14-10 Assuming an initial charge q(0) = 10-6 coul, find the output volt- 
age v(t) of the network shown in Fig. P14-10. Sketch the wave- 
forms accurately and label all pertinent quantities. 


20 volts = 
Fig. P14-10. | 


14-11 Consider the two zener-diode circuits shown in Fig. P14-1la and 

b. Let the zener diodes be represented by the usual piecewise- 

linear v-i curve with a breakdown voltage E,. 

(a) Find the values of £, and R in the circuit of Fig. P14-1la in 
order to generate a 20-volt peak-to-peak 10-kHz square 
wave U,(£). 

(b) Assuming that £, = 5 volts and i,(0) = 0.5 ma in the circuit 
shown in Fig. P14-118, find vz(4), iz(f), and their periods of 
oscillation. 

(c) Repeat (5) with R; = 0. 


— = 2.5 volts 
Fig. P14-11. 
14-12 Consider the tunnel-diode circuit shown in Fig. P14-12a and the 
tunnel-diode v-i curve shown in Fig. P14-125. 
(a) If the initial inductor current is iz(0) = 5 ma, find iz,(4) and 
uxt) for t > 0. Sketch all waveforms accurately. 
Fig. P14-12. (b) Find the frequency of oscillation. 


Ai,, i, ma 


+——_+——_+—— v_, uv, volts 
0.2 0.4 0.6 0.8 12 


(a) (b) 
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14-13 Consider the networks shown in Fig. P14-13a where the v-i curve 
of the nonlinear resistor R is shown in Fig. P14-13b. 

(a) If the voltage across the capacitor at t = 10 msec is 10 volts, 
find ic(t) and v¢(t) for t > 10 msec. Sketch all waveforms 
accurately. 

(b) Find the value of C so that the frequency of steady-state 
oscillation is equal to 1 kHz. 


v, 
volts 
(a) (b) Fig. P14-13. 
14-14 Consider the network shown in Fig. P14-14a, where the DP plot 
of the black box N is shown in Fig. P14-14d. 


(a) Assuming an initial voltage vc(0) = —5 volts, find the cur- 
rent ic(¢) and the voltage v¢(t) for t > 0. Sketch all waveforms 
accurately. 


(b) After the trajectory has reached a steady state, ic(f) and u¢(t) 
become periodic. Find the frequency of oscillation. 
NOTE: If there is more than one possible segment for the dynamic 
route to jump, choose the nearest segment with a positive slope. _ Fig. P14-14. 


hi, ma 
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14-15 Consider the network shown in Fig. P14-15a, where the DP plot 
of N is given in Fig. P14-155. 

(a) If the initial voltage vc(0) = —10 volts, find i¢(t) and uc(A) 
for t > 0. Sketch the time functions accurately and label all 
pertinent quantities. 

(b) Find the frequency of oscillation in the steady state. 


oF : 
XG: 
+ 
N U UR C=1uF 


Fig. P14-15. (a) 


14-16 Consider the network shown in Fig. P14-16a, where the DP plot 
of N is given in Fig. P14-16. If the initial current 7;(0) = 3.0 ma, 
find i,(¢) and vu;,(t) for t > 0. Sketch all waveforms accurately. 


Fig. P14-16. (a) 


15-1 WHAT IS A FIRST-ORDER SWITCHING NETWORK? 


The principles presented in the preceding chapter are generally not 
applicable to nonautonomous networks; the reason is that, unlike 
the autonomous case, the DP plot associated with a nonautono- 
mous network does not remain fixed but changes with time. How- 
ever, there is an important subclass of nonautonomous networks 
which behaves like autonomous networks during some specified 
intervals of time. This class of networks can be distinguished by 
the presence of one or more switches (mechanical or electronic) or 
stepwise switching signals, or both, and are henceforth called 
switching networks. 

An example of a switching network containing a switch is 
shown in Fig. 15-la. If the v1-i; curve of R; is as shown in Fig. 
15-1b, and if the switch S is off for —oo <¢< 0 and on for 
all times t > 0, then the DP plots of the network during the corre- 
sponding time intervals are shown in Fig. 15-1c. Another example 
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Fig. 15-1. An example of a 
first-order switching network 
whose DP plot depends on 
whether the switch is on or off. 


l, amp OSec es 
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Fig. 15-2. An example of a 
first-order switching network 
whose DP plot changes accord- 
ing to a stepwise switching 
signal. 


of a switching network whose DP plot changes according to a step- 
wise switching signal is shown in Fig. 15-2a. The two nonlinear re- 
sistors are characterized by the same uj-i; curve shown in Fig. 
15-2b. The DP plot during the time intervals —oo <?¢< 1 and 
2<t< ois easily found to be given by the lower v-i curve shown 
in Fig. 15-2c. The corresponding DP plot during 1 <?¢< 2 is 
given in the same figure by the upper v-i curve. 

More complicated switching networks can be found where 
both switches and stepwise switching signals are present. In any 
case, however, it is possible to partition the time axis into a finite 
number of intervals such that during each interval, the energy- 
storage element “sees” a fixed DP plot. We shall now extend the 
techniques in the preceding chapter to analyze this class of non- 
autonomous networks. 


15-2 ANALYSIS OF FIRST-ORDER LINEAR SWITCHING NETWORKS 


A switching network containing only linear resistors and one 
linear inductor or one linear capacitor is called a first-order linear 
switching network. This class of networks is important because: 
(1) there are many practical switching networks which are of this 
type, and (2) any first-order nonlinear switching network can be | 
analyzed as a number of linear switching networks with appropri- 
ate initial and transition states. Since basically no new concept is 
involved, we shall consider only examples to illustrate the details. 


Analysis of first-order nonlinear switching networks 


EXAMPLES 


1. Consider the linear switching network shown in Fig. 15-3a. The 
switch S has been “open” for a “long time.” By this we mean 
a long time compared with the largest time constant of the net- 
work so that for all practical purposes, the network can be 
assumed to be operating in its equilibrium state. If the switch 
is closed at tf = 1 sec and then “reopened” at t = 2 sec, find 
the output voltage v,(¢) for all times ¢ > 0. 

Since the network is linear, we can replace the resistive 
subnetwork across the capacitor by its Thévenin equivalent 
circuit. This is shown in Fig. 15-3b for the case when S is open 
and in Fig. 15-3c when S is closed. The corresponding DP plots 
are shown by the upper and the lower straight lines in Fig. 
15-3. 

Since the network is assumed to have reached its equilib- 
rium state, it is operating at point a of the upper DP plot 
during the time interval 0 <¢< 1. Att = 1 sec, the DP plot 
switches to the lower line. Since the capacitor voltage cannot 
change instantaneously, the transition state at = 1+ must be 
at point b(v = 6) in the lower half-plane. Accordingly, the 
dynamic route will move up along the lower DP plot until it 
reaches some point c corresponding to ¢ = 2 sec when the DP 
plot switches back to the upper line. The transition state at 
t = 2* sec must be at point d (directly above c) in the upper 
half-plane, and hence the dynamic route must move down 
along the upper DP plot until it arrives at its equilibrium state 
again. The complete dynamic route is shown by the solid lines 
in Fig. 15-3d. 

Applying the principles in the preceding chapter, we can 
immediately draw the solution waveform v¢(t) as shown in Fig. 
15-3e for all times t > 0. The corresponding equations are 
given by 


10 — 4e-lt-17/0.9) he t= 2 
AD) = 16 4 2.68e--2101 2918 


The voltage v,(t) can now be obtained by inspection of Fig. 
15-3a; namely, 


(15-1) 


PD) = | 1 786--11/0.) hors 2 ee 


= 1Oierts2)/ 1A Ea aoe 
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R,=12 ka Be, PR 
s 


Rp=12 ko 


to 


— | 30 volts R,=3 kQ 


(a) 


Roa | 


= Eeq= 6 volts 


When switch S is open 


(b) 


Yeo 
C=250 uF 


When switch S is closed 
(c) 


Fig. 15-3. An example illustrat- 


ing the steps involved in the The resulting waveform for v,(t) is sketched in Fig. 15-3f and is 
solution of a typical linear 


suitehine noerane seen to consist of exponential segments with time constants 
identical with v¢(t) during the corresponding intervals of time. 
Indeed, by applying the voltage-source substitution theorem, 
we can replace the capacitor by a voltage source v¢(t) having 
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the waveform shown in Fig. 15-3e. The resulting voltages and 
currents in all resistors must, therefore, consist also of exponen- 
tial segments with identical time constants for v¢(A) during 
corresponding intervals of time. This follows because the wave- 
form solutions of any resistive network are always identical 
with the waveform of the excitation function. This observation 
is important enough to be summarized as a theorem. 


EXPONENTIAL WAVEFORM SOLUTION THEOREM 


The solution waveform of the voltage across any terminal pair 
or the current in any branch of a first-order linear switching net- 
work always consists of a sequence of exponential waveforms 
kje (¢—ti)/71] during each time interval (¢;,4;,1). The same time 
constant 7; applies to any voltage and current solution during 
each time interval. 


Applying this theorem, we can determine the voltage or 
current waveform of any resistor of a linear switching network 
by a more direct method. All we need to find are the three 
pertinent pieces of information describing an exponential. For 
example, consider the network shown in Fig. 15-3a again. 
Since the capacitor current is zero when the network is in 
equilibrium, we have v,(¢t) = 0 for t < 1; hence v,(1~) = 0. To 
determine v,(1*), we observe that at ¢ = 1+ sec, the capacitor 
voltage can be replaced by a battery vg = 6 volts as shown in 
Fig. 15-4a. (The 2-kQ resistor and 10-volt battery represent the 
Thévenin equivalent of the resistive network to the left of the 
capacitor with the switch closed.) The voltage v,(¢) at t = 1* is, 
therefore, equal to 


v(1+) = 1.78 volts (15-3) 


The time constant is identical with that of v¢(f) during 1 <t¢< 
2 and is given by 7; = 0.9 sec. The equilibrium state is given by 


v,(1*) =6 volts 


(27) =0.59 


UV, (2 *) = 8.68 volts 
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Fig. 15-4. The three instan- 
taneous networks needed to 
determine the transition states. 
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v,(t) 


Fig. 15-5. A simple linear 
switching network containing a 
stepwise switching signal and 
its equivalent network. 


(a) 
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(b) 


Ute) = 0. From this information we obtain the same exponen- 
tial waveform during 1 < ¢ < 2 as shown in Fig. 15-3f 

At t= 2 sec, the switch S is reopened, and hence it is 
necessary to determine the three pieces of information vu,(2*), 
T2, and U,(te). Clearly, t2 = 1 and v,(t.) = 0. It remains to find 
vo(2*). Since the voltage across a resistor may jump instantane- 
ously, v,(2+) need not equal v,(2~). However, we do know that 
Uo(2t) = ve(27), and from this we can find v,(2*). To show how 
this is obtained, let us determine v¢(2-) first. The equivalent cir- 
cuit that applies at ¢=2- is shown in Fig. 15-4b. Since 
0,27) = 059; 1¢2> r= 0559/1. 6h 037 ma,tand 


v(2-) = 10 — (2)(0.37) — 0.59 = 8.68 (15-4) 


Therefore, vg(2*) = 8.68, and the equivalent circuit that applies 
at ¢ = 2+ is shown in Fig. 15-4c. The capacitor is again re- 
placed by a battery, and the resistive network across the capac- 
itor is replaced by the Thévenin equivalent with the switch 
opened. We can now compute for v,(2*) as follows: 


v,(2*) = 48 (—2.68) Els 7 (15-5) 


The final solution for t > 2 can now be obtained as shown in 
Fig. 15-3f. 

Observe that the above alternate procedure is a direct one 
because we have solved for v,(t) without having to solve 
for v¢(t) first. For this example the amount of work involved in 
the two methods is about the same. In other networks one 
method might be simpler than the other. However, in all cases 


the first method is conceptually simpler and offers less chance 
for error. 


. Consider the simple R-C switching network shown in Fig. 


I5-5a. The stepwise switching signal v,(¢) is equal to zero for 
t < 0 and is equal to E for t > 0. In spite of its simplicity, this 
network is very important because it represents a large class of 
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practical networks. For example, the resistive subnetwork 
might represent the equivalent circuit of a square-wave voltage 
generator, and the capacitance C might represent the “parasitic” 
capacitance between the output terminals. It is of utmost im- 
portance to know the effect of this parasitic element on the 
output waveform. 

For purposes of analysis a switching signal can always be 
represented by an appropriate combination of batteries and 
switches. For example, the switching signal of Fig. 15-5a can 
be replaced by the equivalent switching circuit shown in Fig. 
15-5. In this case, Sj is open while S2 is closed for t < 0. This 
will simulate the condition v,(¢) = 0 for ¢ < 0. Similarly, S; is 
closed while Sz is open for ¢ > 0 to simulate the condition 
v(t) = E. 

To analyze this network, observe first that since Sz is 
closed for t < 0, v.(0-) = 0. The three pertinent pieces of in- 
formation for drawing the exponential are easily obtained by 
inspection; namely, v,(0*) = v,(0-) = 0, r = RC, and v,(t.) = E. 
The corresponding solution is 


v(t) = E— Eek) = ¢>0 (15-6) 


This waveform is shown in Fig. 15-6a and 6 illustrating the 
relative difference between a large and a small value of r. 
Observe that in the limit where 7 = 0, Eq. 15-6 reduces to 


WG) AME eS 0 (15-7) 


as expected, since this corresponds to the case where no para- 
sitic element is present. The effect of the parasitic capacitance 
is, therefore, to distort the actual output waveform from the 
ideal waveform given by Eq. (15-7). Clearly, the larger 7 is, the 
greater the distortion. It is highly desirable, therefore, to reduce 
7 as much as possible in order to obtain a faithful reproduction 
of the input signal. In practice, this is accomplished by careful 
wiring and by using as short leads as possible so as to minimize 
the parasitic capacitance. 


Av, (t) Vo (t) 


Exponential with 
small time constant 
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Fig. 15-6. Two typical expo- 
nential waveform solutions, 
(a) with a small time constant 
and (b) with a large time con- 


stant. 


Exponential with 
large time constant 


(a) 
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Fig. 15-7. An example illustrat- 
ing the significance of the rise 
time. 


vu, (t) 


Dynamic nonlinear networks 


From this example it is seen that the time constant 7 is a 
useful parameter not only because it is needed to draw the ex- 
ponential waveform accurately, but also because it gives a 
measure of how “good” a system is in reproducing an in- 
put signal. Unfortunately, the concept of a time constant 
is meaningful only for first-order networks. Since it is desirable 
to have a measure of distortion for higher-order networks as 
well, it is standard practice to define another parameter, 1,, 
known as the rise time of the network. The rise time is the 
time it takes the output waveform to rise from 10 percent of 
its final value at equilibrium to 90 percent of its final value 
when the input is a stepwise signal. For first-order networks a 
simple relationship between the rise time 7, and the time con- 
stant 7 of a network can be easily derived, namely, 


= tina PTE = rind = 221 (15-8) 

In order to appreciate the significance of the rise time 1,, 
let the network shown in Fig. 15-5a be excited by the rectan- 
gular pulse shown in Fig. 15-7a. Assuming that R = 1 kQ and 
C = | pwuyF, the rise time is ¢, = 2.2 nsec, and the output wave- 
form is readily sketched as shown in Fig. 15-7b. However, if 
C = 10 pyF, then the rise time is t, = 22 nsec, and the corre- 
sponding output waveform is as shown in Fig. 15-7¢. Compar- 
ing the waveforms shown in Fig. 15-7, it is clear that to mini- 
mize distortion, the rise time must be as small as possible. 
Since the parasitic capacitance is always present in a physical 
circuit, it is impossible to make f, zero, and hence it is impos- 
sible to obtain a perfect square wave. 


. Find the current i,(7) of the parallel R-L network shown in Fig. 


15-8a with the periodic stepwise signal i,(¢) shown in Fig. 15-8b. 
From KCL we obtain 


I(t) = is(t) — i1(2) (15-9) 


tr=22 nsec (c) 
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(a) 


Fig. 15-8. A linear switching 
network driven by a periodic 


Since i,(¢) jumps abruptly twice every cycle, and since the stepwise signal. 


inductor current iz,(¢) cannot change instantaneously, Eq. (15-9) 

requires that any abrupt change in i,() must be absorbed by _ 

it). Therefore, whenever i,(f) jumps by AJ, i,(¢) must also i 15-9. The step-by-step 
: é i procedure for analyzing a 
jump by AJ. In order to illustrate the effect of the time constant __jinear switching network con- 


on the waveform for i,(t), we shall consider two numerical _ sists of finding the transition 
cases. state, the equilibrium state, 
and the time constant. 


Case 1: Small time constant Let R = 10 kQ and L=1 mH. 
The time constant is given by t= L/R=0.1 usec. Since a) 
is(t) = 0 for t < 0, the network is initially in equilibrium, and 
the inductor can be replaced by a short circuit. Therefore 
i(0-) = 0. To find the transition state at t = 0*, we observe that 
it) must jump abruptly by an amount equal to the jump in 
it); therefore, i,(0*) = 10 (Fig. 15-9a). The equilibrium state 
ite) for this network is always equal to zero because the cur- 
rent i,(¢) will flow through the short-circuited inductor at equi- 
librium; hence i,(t.) = 0. The resulting exponential is shown in 
Fig. 15-9b. Observe that since the time constant here is much 
smaller than 6, of i,(t), the exponential waveform can be 
assumed to have reached steady state so that i,(1~) = 0. The 
transition state is, therefore, given by i,(1*) = —15 (Fig. 15-9c). 
The time constant remains unchanged, and the exponential 
waveform is shown in Fig. 15-9d. Again, since tT < 62, we can 
assume that the network has reached its equilibrium state, and 
so for t > 4, the waveform of i,(t) becomes periodic as shown 
in Fig. 15-10a. This solution is valid only when the time con- 
stant of the network is much smaller than the duration 6, and 
52 of the stepwise signal. 


Case 2: Large time constant Let R= 1 kQ and L= 10 mH. 
The time constant becomes t = L/R = 10 usec. As before, we 
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tT =0.1 usec 


ELSES 
-5 }_ 
tT =0.1 usec 7 =0.1 usec 
mi 
-—15 — 
; (a) 
(eae ma 
iS 7 =10 usec 7 =10 usec T = 10 usec 7 =10 usec 
10 10.59 ae 11.26 10.20 11.4 


a 
SS 
sine 
— - 
— 


t, usec 


“4.41 -4.0 


-5.4 —5.04 


7 =10 usec 7 = 10 usec 


(b) 


7 =10 usec 7 =10 usec 


Fig. 15-10. The solution corre- 
sponding to a periodic input have: 7,(0°>);=.0, 7,(0°) = 10, and a,(i),=W: {i heretore eine 


shown (a) for the case when 5 2 : 
the time constant is small and solution is siven by 


(b) for the case when the time i(t) = 10e—@/10) 0) < t <0 ] psec (15-10) 


constant is large. 
and is plotted in Fig. 15-10. Since the time constant in this case 
is large compared with 6}, i,(¢) will not reach equilibrium 
at ¢= 1. In fact, from Eq. (15-10) we obtain i,(1-) = 9.05. 
Since J,(¢) jumps from 10 to —5 at ¢ = 1 psec, AJ = —15, and 
the transition state at tf = 1* psec is 


ig 1*) == 9,05 — 15 == — 5.95 
The solution for ¢ > 1 is given by 
itt) = = 3.95e" W-OAo) 1<t< 4 usec (15-11) 


This waveform is shown in Fig. 15-10b. Observe again that 
since the time constant is large compared with 42, i,(¢) will not 
reach equilibrium when the input signal jumps back to 
is(t) = 10 at ¢ = 4 psec. Instead, we have i,(4-) = —4.41, and 
hence 


i(4t) = 15 — 4.41 = 10.59 
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The solution is given by 
I(t) = 10.59e 1-4/1) 4<sr <5 psec (15-12) 
and is shown in Fig. 15-105. 
If we continue the above procedure over a few periods of 
the input signal, we obtain 
IQ = 9.6 \1(5*) = —-SA  i,(t) = —5.4elt-5)/10) 
Duh = 18 psec 
IAS P= —4 0° 787) =I At) = lle te Sy201 
8 <7 < DO usec 
i(9-)= 9.96 i(9t) = —5.04 —i,(t) = —5.04e-le-9)/10) 
= F< 12sec 
1127) = —3.14  i,(12*) ]41.26 i.) = 11.26e-1e-12/10) 
I | Scusec 


This waveform is shown in Fig. 15-10b over the interval 
0 <t< 12. Observe that while the waveform shown in Fig. 
15-10a becomes periodic after ¢ = | usec, the present waveform 
will become periodic only after a sufficiently long time interval. 


Exercise 1: Under the same assumptions as in Example 1, find the voltage v4 across 
the resistor R4 in Fig. 15-3a by two methods: (a) Using the exponential waveform 
solution theorem. (5) Using the solution waveforms vu¢(t) and v,(t) shown in Fig. 
15-3e and f. 


Exercise 2: Using the exponential waveform solution theorem, find the current is 
in the resistor Re in Fig. 15-3a. Check your solution by making use of the wave- 
forms for u¢(t) and v,(t) shown in Fig. 15-3e and f. 


Exercise 3: Find the current i-(t) in Fig. 15-3a without finding the voltage vu¢(7). 
Check your solution using v¢(Z) in Fig. 15-3e. 


Exercise 4: Using the exponential waveform solution theorem, find the voltage 
between the negative terminal of the capacitor and the positive terminal of the 
battery. Check your solution using v,(t) in Fig. 15-3f. 


Exercise 5: Replace the capacitor in Fig. 15-5a by an L-henry linear inductor and 
find the voltage and current waveforms associated with this inductor for the 
small and large time-constant cases. 


Exercise 6: Replace the inductor in Fig. 15-8a by a C-farad linear capacitor and 
find the voltage and current waveforms associated with this capacitor for the 
small and large time-constant cases. 
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Fig. 15-11. A typical first-order 
nonlinear switching network. 


15-3. ANALYSIS OF FIRST-ORDER NONLINEAR SWITCHING NETWORKS 


Any first-order nonlinear switching network can be analyzed as a 
sequence of linear switching networks. The switching from one 
linear network to another can be handled by the principles pre- 
sented in Chap. 14. Although nothing essentially new is involved, 
it is instructive to consider a numerical example in detail. 


EXAMPLE 


Consider the nonlinear switching network shown in Fig. 15-lla 
and the switching signal shown in Fig. 15-115. The DP plots seen 
by the inductor during the three time intervals —coo <t< 0, 
0<t< 15, and 15 < t < o are shown in Fig. 15-1lc. As usual, 
the basic problem is to find i(¢) and v(2) across the inductor. 

Since v,() = 0 for all times ¢ < 0, the network can be assumed 
to be in equilibrium. In particular, the equilibrium current i at 
t = 0 can be found from the intersection of DP plot I with the 
v = 0 axis; namely, (0-) = 5 ma. At ¢t = 0+, DP plot I switches 
to DP plot I. Since the inductor current cannot change instan- 
taneously, i(0*) = (0) = 5 ma and the network must be operating 
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at point Py on DP plot II. Our first task is to draw the dynamic 
route starting from Po at t = 0+. However, we cannot draw the 
complete dynamic route for all times ¢ > 0 because at ¢ = 15 psec 
we switch from DP plot II to DP plot III, and we do not yet know 
exactly at what point to switch from one to the other. Hence, it is 
necessary to determine i(f) along DP plot II before we can com- 
plete the dynamic route. 

The dynamic route along DP plot II is shown in Fig. 15-12a. 
Applying the principles in Chap. 14, we readily obtain the solution 
i(t) as shown in Fig. 15-126. The corresponding equations can be 
written by inspection, namely, i(f) as shown in Fig. 15-12. 


Pesew LOK rei tg 
W(t) = |12 — 8etl-t/201 Sth (15-13) 
—4 4 Qe-[t-t)/2.85] fy eeihiey C0 


where 
Bs Soma 
a 5 In 7 — Ri 2.03 usec 
and 
= 2.03 20 In === 12 = 13.23 psec 


Fig. 15-12. The current wave- 
Since tf, < 15 usec, and since it will take an infinite time interval form is obtained by inspection 


for i(f) to attain the equilibrium value, we conclude that the it i a SO eee 


i, ma 


Growing exponential approaching 
the asymptote at i= 12ma 


7 — 20 usec 
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Fig. 15-13. The complete dy- 


namic route for the nonlinear 


switching 
15-11. 


network 


in 


Fig. 
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dynamic route must terminate at some intermediate point on seg- 
ment 2 as shown in Fig. 15-12a. This point can be found by sub- 
stituting ¢ = 15 psec into Eq. (15-13). 


(15) = —4 4+ Qe(05—13.23)/2.85] = —2.92 ma (15-14) 


This terminal state is located at point c on DP plot II as shown in 
Fig. 15-13. 

As soon as the solution reaches point c, DP plot II switches to 
DP plot II as shown in Fig. 15-13. Since the inductor current can- 
not change instantaneously, the transition state will be at point d 
of DP plot III. The remaining portion of the dynamic route can 
now be completed as shown in Fig. 15-13. Again, applying the 
principles of Chap. 14, we obtain the complete solution for i(7) as 
shown in Fig. 15-14a. The corresponding solution vz(t) can now be 
easily determined either from v, = —L di/dt or directly from the 
dynamic route. This is shown in Fig. 15-145. 


Exercise 1: Find the voltage v,(¢) and current i(t) of the network in Fig. 15-lla 
corresponding to an initial inductor current iz,(0) = 4 ma. 


Exercise 2: Replace the inductor in Fig. 15-1la by a 1,000-yyF linear capacitor 
and find the current and voltage waveforms associated with this capacitor 
fort > 0. 


DP plot III DP plot II 
(15 <t< ov) (0<t<15) 


v, volts 
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Az(t), ma 


= 5 usec 


T= 2O)MSeC 


Sie 13.23 wsec 
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a 10 usec 


T, = 2.85 usec 


T, = 2.85 usec 


~—— > t3 = lly 


~ 


Sa 


—$—$<—_ 
24 26 ENUSES 


t, = 21.85 usec 


a= 2.03 usec b= 13.23 usec 


i= 21.85 usec 
msec Va 
— i xt, Sec 


S tov, =0 


T, = 20 usec 


(b) 


15-4 ANALYSIS OF AUTONOMOUS FIRST-ORDER NETWORKS 
CONTAINING ONE NONLINEAR INDUCTOR OR CAPACITOR 


We have already shown in Chap. 14 that an autonomous first- 
order network containing a nonlinear energy-storage element can 
be analyzed as a nonlinear switching network. We shall now illus- 
trate the detailed procedure with an example. 


EXAMPLE 


Consider the autonomous nonlinear network shown in Fig. 15-15a. 
The DP plot of the resistive subnetwork N is shown in Fig. 15-150, 
and the i,-z, curve of the nonlinear inductor is shown in Fig. 15-15c. 
If i,(0) = 6 ma, find the current i(t) and the voltage u(t) across the 
inductor for all times ¢ > 0. 

As usual, the first step is to draw the dynamic route. Since 
there are now two piecewise-linear characteristics, it is necessary 
to draw one dynamic route along each curve. The initial state at 
t = 0 corresponds to the point Po(i = —6 ma) on the DP plot and 


2 Te ee aa 


= 10 usec 


Fig. 15-14. The complete solu- 
tion waveforms of i(¢) and v;(A) 
for the nonlinear switching net- 
work in Fig. 15-11. 
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ims , milliwebers 


6 


(a) 


Fig. 15-15. An autonomous : A ; : fi 
x : : or 
Tree oien teiwork Gontainitie the point Po(iz, = 6 ma) on the i;-p, curve. The dynamic route 


both a nonlinear resistive sub- | ¢ > O can be drawn with the help of the relationship 
network and a nonlinear in- 
ductor. 


C77 
dt 


= 0, =U 


0) whenever v > 0 (15-15) 
<0 whenever v < 0 


From Eq. (15-15) we conclude that the dynamic route along 
the i,-p, curve must be in the decreasing pz direction whenever the 
operating point along the v-i curve is in the left half-plane. Apply- 
ing this simple rule, we immediately obtain the dynamic routes 
shown in Fig. 15-155 and c. Observe that since i = —iz, the points 
a, b, c, d, and Q along the dynamic route of Fig. 15-155 must 


TABLE 15-1 Summary of information pertaining to the dynamic route in Fig, 15-15. 


Pertinent Pertinent 
segment segment 
Time of v-i of in-p1 Time constant Initial and 
interval, msec curve curve Tik, MSEC transition state, ma 
0.4 nee ; 
0 << t <a ba ] ) 713 = (2103) = 0.2 iz(0 ) = iz(O*) = 6 
0.4 sees : 
thee A is 2 3 = ———- = 0. = +) — 
St<ch 723 = 73103) 0.6  ix{ta) = i(tt) = 4 
2 Brak ; 
Uy te 2) 2 = =) t= 
bee 722 (273)(103) 3 in(ty) = ix(tf) 1 
0.4 Pe 
Hi 5 t 2 ] = = = V0. = y= — 
St<ta 721 = G73 103) 0.6) “Zp =e) 1 
0.4 re ; 
ta<t<tg 3 ] i (D108) = (yy) KU) = CA) S 7 
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correspond to the points a, b, c, d, and Q along the dynamic route 
of Fig. 15-15c. If we denote the time when the solution reaches 
points a, b, c, d, and Q by fg, tp, te, ta, and fg, respectively, then we 
can summarize the pertinent data as shown in Table 15-1. 

Observe that for tg < t < h, the inductor is operating on seg- 
ment 3. Hence, the network can be replaced by the equivalent cir- 
cuit shown in Fig. 15-16a. Similarly, corresponding to the time 
intervals (t; < ¢ < ta) and (ta < t < fg), we have the equivalent 
circuits shown in Fig. 15-16b and c, respectively. The composite 
networks Nj, No, and N3 are characterized by the v1-i1, v2-i2, and 
v3-13 Curves shown in Fig. 15-16. It is important to observe that the 
currents 11, i2, 73 are not equal to the actual current i, in the 
nonlinear inductor but are related by KCL. 


Ht) = 1, — it)  j = 1, 2,3 (15-16) 


Therefore, to translate the dynamic route along the iz-pz, curve of 
Fig. 15-15c into the corresponding dynamic routes along the 
V1-11, V2-i2, and v3-/3 curves, it is necessary to determine the equiva- 
lent initial and terminal states. 

Let us start with the v,-i; curve of Fig. 15-16a. This DP plot 
is valid during the time interval 0 <¢< %. From the dynamic 
route along the iz-pz, curve of Fig. 15-15c, we obtain the initial state 
i(0*) = 6 ma and the terminal state i,(t,) = 1 ma. If we substitute 
these values into Eq. (15-16), we obtain 


i,(0*) = Ih — iz(OT) = —4—6= —10ma (15-17) 
and 
ii(ts) = Ih — in(t7) = —4-—1 = —5 ma (15-18) 


The corresponding dynamic route along the v1-i; curve must, 
therefore, start at point Po(ii = —10) and terminate at point 
b(i, = —5) as shown by the solid paths in Fig. 15-16a. 

At t = tf we switch from the v,-i; curve to the v2-i2 curve 
shown in Fig. 15-16b. This DP plot is valid during the time interval 
ty <t < t,. From the dynamic route along the i,-p, curve of Fig. 
15-15c we obtain the initial state i,(t}) = ix(t}) = 1 ma and the 
terminal state i,(t;) = —1 ma. If we substitute these values into 
Eq. (15-16), we obtain 


io(tt) = In — ix(tt) = 0 — (1) = —1 ma (15-19) 
io(tz) = Ip — ip(tz) = 0 — (—1) = 1 ma (15-20) 


713 


714 
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Fig. 15-16. The three equiva- 
lent circuits for the network 
shown in Fig. 15-15 corre- 
sponding to the time intervals 
(0,ty), (to,tc), aNd (te, 00). 


The corresponding dynamic route along the v-ig curve must, 
therefore, start at point b(i2 = —1) and terminate at point c(ig = 1) © 
as shown by the solid paths in Fig. 15-16d. 

At ¢t = ff we switch from the ve-ig curve to the v3-i3 curve 
shown in Fig. 15-16c. This DP plot is valid during the time intervals 
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te <t < o. From the dynamic route along the iz-pz, curve of Fig. 
15-15c we obtain the initial state i,(tt) = i,(t2) = —1 ma and the 
equilibrium state iz(te) = —4 ma. If we substitute these values into 
Eq. (15-16), we obtain 


Ge) aolntsai(ed) aid (= 1) & Sima (15-21) 
Fee) Te Hi(ooy SAS (4) S8'ma (£5222) 


The corresponding dynamic route along the v3-iz curve must, 
therefore, start at point c(iz3 = 5 ma) and terminate at point 
Q(iz = 8 ma) as shown by the solid paths in Fig. 15-16c. 

It is now a simple matter to solve for the waveforms of i(¢) 
and u(t). This involves the determination of i1(2), ie(4), and i3(t) 
corresponding to the dynamic routes shown in Fig. 15-16a to c. 
Applying the principles of Chap. 14, we obtain the waveforms for 
ix(t), io(t), and i3(t) as shown in Fig. 15-17a to c, respectively. The 
values of fg, ty, te, ta, and tg are calculated from the data in Table 
15-1 and the dynamic routes in Fig. 15-16. 


ix(0) ay ix(te) — 0.2 In —10— (—4) 


~ =i = 0.08 
tq 0 + 713 In i1(Lq) = is(te) a Ree (—4) ae 
= in(ta) — t1(te) _ 0.08 + 0.6 cor Means 
lb = la == 723 In i1(tp) = i1(te) ae a , a5 — 4 
= 1025, msec 

i} ile) =) _ 9.95 + 31p —' — 8 = 1.0 msec 
te = iy =o Teo In in(te) == io(te) ome i 1 | — 8 i 

a is(te) — ite) _ 1.9 4 0.6In>—% = 1.1 msec 
Pega po Gy +O j=) 
ig = 00 


The final solution i(t) can now be obtained from Eq. (15-16); 
namely, 


iQ) = —iD = i) — I; 
“ey (—4) 0<t<h 

i(t) = }i2(t) — (0) bot<le (15-23) 
i3(t) — 4 PRES 1H 


This is plotted in Fig. 15-18a. By a similar procedure we obtain 
the complete solution v(t) as shown in Fig. 15-186. 
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A closer examination of the waveforms shown in Figs. 15-17 

and 15-18 will reveal that the current source in Fig. 15-16a, b, and 

c does not affect the time constant of each segment of i(7). More- 

over, observe that the same constant I; added to the vj-i; curves in 

Fig. 15-16 is subsequently subtracted from the corresponding 

waveforms shown in Fig. 15-17. Therefore, the final solution wave- 

ies 15-17. The solution wave’ forms shown in Fig. 15-18 could have been obtained directly from 
orms for ix(), io(t), and i3(2) ; ‘ é 2 

the dynamic route shown in Fig. 15-15b and c, provided the 


over the time intervals (0,0.25), 
(0.25,1.0), and (1.0, 00). 


SS 
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— 


— 
am 
pp pt tt at ttt Ht msec 
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| 
Av(t), volts | 


1.6 t, msec 


appropriate time constant were chosen for each segment combina- 
tion. In other words, the intermediate steps shown in Figs. 15-16 
and 15-17 are really unnecessary. They are given only for peda- 
gogical reasons. 


There is an alternate procedure for solving the above example 
which is sometimes simpler to apply. This procedure chooses the 
flux linkage gz as the state variable. If we denote the v-i curve by 
v = v(i) and the iz-y, curve by i, = iz(pz), then the normal-form 
equation is given by 


Fig. 15-18. The complete solu- 
tion waveforms of i(f) and vu(2) 
for the nonlinear network 
shown in Fig. 15-15. 
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Me = wi) = v(—i(¢1)) (15-24) 
if 
Or 
a = {(¢1) (15-25) 


where f (pz) = v(—ix(Hr)) can be obtained by a graphical composi- 
tion between the v-i curve and the (—iz)-z curve. Clearly, the f(r) 
curve will also be piecewise-linear, and the solution g,(¢) can 
be obtained by the procedure developed in Chap. 14. Once 9 (0) is 
found, we can obtain v(t) = dp,/dt. The current i(f) can be found 
by a graphical composition between the v-i curve and v(?). 


Exercise 1: Verify the solution waveforms i(f) and v(t) in Fig. 15-18 by the alter- 
nate procedure given by Eq. (15-25). 


Exercise 2: Replace the inductor in Fig. 15-15a by a capacitor whose v-q curve is 
obtained by replacing the coordinates i, and gy, in Fig. 15-15c by v and gq, 
respectively. Find the solution waveforms i(t) and v(t) across the capacitor 
by the method dual to that shown in Fig. 15-16. 


Exercise 3: Repeat Exercise 2 by the alternate composition procedure. 


15-5 SUMMARY 


First-order switching networks A first-order network (linear or non- 
linear) containing switches as well as stepwise signals is called 
a first-order switching network. This class of nonautonomous net- 
works can be analyzed as a sequence of autonomous first-order 
networks. 


The exponential waveform solution theorem The solution wave- 
form of the voltage across any terminal pair or the current in any 
branch of a first-order linear switching network always consists of 
a sequence of exponential waveforms. The time constant of the 
exponential is the same for all voltage and current waveforms 
during the same time interval. This theorem allows us to find the 
voltage across any terminal pair or current in any branch of a 
first-order switching network by inspection. In other words, it is 
not necessary to find the capacitor voltage or the inductor current 
before finding the remaining variables. 

A first-order autonomous network containing a nonlinear in- 
ductor or capacitor can be solved by the following two piecewise- 
linear methods: 
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1. As a first-order switching network containing a linear inductor 
or a linear capacitor 


2. As a first-order autonomous network with the flux linkage or 
charge as the state variable 


PROBLEMS 


15-1 Consider the linear R-C network shown in Fig. P15-la. The 
switching signal v,(f) is shown in Fig. P15-10. 
(a) Calculate the rise time of the network. 
(b) Determine v,(f) for t < 25 psec. 
(c) Determine the steady-state waveform of u,(t). 
(d) Repeat (c) with C = 0.001 pF. 


v(t), volts 


Us (t) 


15-2 The DP plot of the switching network shown in Fig. P15-2a 
is given in Fig. P15-2b corresponding to the switching signal 
shown in Fig. P15-2c. 

(a) Assuming that the network is at rest for ¢ < 0, find v¢(t) for 
£303 
(b) If the initial charge g(0) = 2 x 10-8 coul, find i¢(?). 
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Fig. P15-1. 
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15-3. The DP plot of the switching network shown in Fig. P15-3a 
is given in Fig. P15-3b corresponding to the switching signal v,(¢) 
shown in Fig. P15-3c. Find the waveform vz,(¢) across the inductor 
for t > —2 msec. The current i,(t) at ¢ = —2 msec is known to 
be 5 ma. 


v, volt: 


eee 
t, msec 
4 


0 Ley 2 ees 
(c) 
Fig. P15-3. 
15-4 A first-order switching network and its switching signal v,(/) are 

shown in Fig. P15-4a and b. 

(a) Using the p-n-p transistor model Cg with 8 = 60, Vero = 0, 
and Ico = 0, find the DP plot across the capacitor terminals 
during each switching time interval. 

(b) Plot the waveform v,(t) for t > 0. 

Fig. P15-4. 


v,(t), volts 


t, “Sec 
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15-5 Consider the first-order switching circuit shown in Fig. P15-5a 
and the switching signal v,(t) shown in Fig. P15-5b. Let the FET 
be represented by a simplified version of an n-channel FET 
model A as shown in Fig. P15-5¢ with k = —1.5 ma per volt. 
(a) Determine the DP plot across terminals a-b during each 

switching time interval. 
(b) Plot the waveform u,(¢) for t > 0. 


uv, (t), volts 


t, wsec 
amt 
u,(t) 


(a) (b) 


v,—2, Curve for R, 


i Ry=10/7 ka 


UV, volts 


Fig. P15-5. 
15-6 Consider the first-order switching network shown in Fig. P15-6a 
and the switching signal v,(t) shown in Fig. P15-6b. 
(a) Using the triode model C with r, = 100 Q, rp, = 2.0 kQ, and 
p. = 20, find the DP plot across terminals a-b. 
(b) Plot the output voltage v,(t) for ¢ > 0. 
Fig. P15-6. 
v(t), volts 


(a) 
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Fig. P15-7. 


Fig. P15-8. 


= E=300 volts 
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15-7 A first-order switching network consisting of two identical triodes 


is shown in Fig. P15-7a. The associated switching signal v,(¢) is 

shown in Fig. P15-7b. 

(a) Using the triode model C with ry = 100 Q, rp = 10 kQ, 
and uw = 24, find the DP plot across terminals a-b. 

(b) Plot the voltage vz(f) for t > 0. 


hug (t), volts 


15>- 


t, msec 


15-8 One of the most useful and versatile first-order switching networks 


is the Schmitt trigger circuit shown in Fig. P15-8a. A typical 

switching signal is shown in Fig. P15-8d. 

(a) Assuming that the two identical triodes may be represented 
by the triode model C with rz = 200 Q, rp = 7.0kQ, and 
pu = 24, find the DP plot across terminals a-b during each 
switching time interval. 

(b) Plot the output voltage waveform v,(f) for ¢ > 0. 


+300 volts 


v,(t), volts 


C=0.01 uF 


t, msec 
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15-9 Consider the autonomous first-order network shown in Fig. 
P15-9a. The nonlinear resistive black box N is characterized by 
the DP plot shown in Fig. P15-9b, and the nonlinear inductor is 
characterized by the iz-p, curve shown in Fig. P15-9c. Find the in- 
ductor current iz(f) and the inductor voltage v;,() for t > 0 corre- 
sponding to an initial flux linkage ,(0) = —6. 


Gy, webers 


O,=2t,-7 


8) =) <4) 2 © 
|-2 


e,=5i,-4 
G,=t, -3 
(a) (c) 
: ; : Fig. P15-9. 
15-10 Consider the autonomous first-order network shown in Fig. 
P15-10a. The nonlinear resistive black box N is characterized by 
the DP plot shown in Fig. P15-106, and the nonlinear capacitor 
is characterized by the v-g curve shown in Fig. P15-10c. 
(a) Find the equilibrium states of this network by inspection. 
(b) If the initial charge on the capacitor is given by q(0) = —10, 
find the voltage u(t) and current i(/) for t > 0. 
i, amp q, coul 


q=3v-12 


v, volts 


(a) 


; ; Fig. P15-10. 
15-11 Consider the autonomous first-order network shown in Fig. 


P15-1la. The nonlinear resistive black box N is characterized by 
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(a) 


Fig. P15-11. 


Fig. P15-12. 
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the DP plot shown in Fig. P15-11b, and the nonlinear inductor is 

characterized by the iz-p, curve shown in Fig. P15-1 le. 

(a) Find the equilibrium states of this network by inspection. 

(b) If the initial flux linkage is given by (0) = 9, find the cur- 
rent i(f) and voltage u(t) for t > 0. 


Pr webers 
14 


12+ 


15-12 An important problem in the analysis of integrated circuits is to 
determine the voltage response of a nonlinear capacitor when it 
is connected to a stepwise signal in series with a linear resistor as 
shown in Fig. P15-12a. Let the capacitor be characterized by the 
v-g curve shown in Fig. P15-120. 

(a) Find v¢(t) for t > 0 if the switching signal is given by 


20° he 6 
Us(t) = 
0 ce (0) 
(b) Find vo(t) for ¢ > 0 if the switching signal is given by 
0 E10 
0) — 
20 r= 0 


q, ucoul 


— 
20 v, volts 


(b) 


16-1 


WHAT IS A FIRST-ORDER MULTIVIBRATOR? 


Multivibrator is a generic name normally given to an important 
class of dynamic nonlinear networks which are found in virtually 
any modern electronic system of moderate complexity. Multi- 
vibrators are indispensable building blocks of pulse and digital 
systems such as digital computers and radar. It is not our purpose 
here to undertake an exhaustive study of the countless variations 
of multivibrator circuits, for this would only lead to confusion, if 
not frustration. Instead, we shall study the general concepts under- 
lying the operation of all first-order multivibrators. We shall be 
particularly interested in what network components can be used 
to synthesize a multivibrator and how to use element characteris- 
tics to meet a given set of specifications. Once a basic multivibrator 
circuit is synthesized, there are many “finishing touches” that we 
can apply to modify the circuit and improve its performance. The 
ability to apply the appropriate finishing touches will come nat- 
urally after the principles of operation and the roles played by the 
circuit elements are clearly understood. 

For complete generality, we shall define a multivibrator as 
any dynamic network (of arbitrary order of complexity) having 
the property that at least one voltage or one current waveform 
associated with the network exhibits an abrupt jump! either peri- 
odically or whenever a relatively small switching signal known as 
the triggering source is applied. Since most practical multivibrators 
can be considered as first-order switching networks, we shall study 
only first-order multivibrators in this chapter. Depending on the 
type of the DP plot seen by the energy-storage element, the class 
of first-order multivibrators can be classified into three subclasses: 
astable, monostable, or bistable. The following three sections will 
be devoted to a detailed presentation of these three subclasses. 
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1As will be shown later, 
no physical network can 
exhibit an instantaneous 
change in either the volt- 
age or the current wave- 
forms associated with the 
network. In order to in- 
clude practical multivibra- 
tors in our definition, we 
shall interpret the term 
abrupt jump to be a very 
fast change in the wave- 
form over an extremely 
short interval of time. 
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Ai (¢) 


Fig. 16-1. The DP plot seen by 
the inductor of an astable mul- 
tivibrator must be voltage-con- 
trolled, and the negative-resist- 
ance portions of the curve 


16-2 ASTABLE (FREE-RUNNING) MULTIVIBRATORS 


must intersect the i axis. 


1In practice, the parasitic 

inductance in series with 
any physical capacitor will 
prevent an abrupt jump in 
the capacitor current 
waveform. To show this, 
let vp = L dic/dt be the 
voltage drop across the 
parasitic inductor (with 
inductance L) due to the 
capacitor current i¢(t) 
flowing through it. Now, 
an abrupt jump in i¢{?) at 
any time ¢ = ¢; means that 
dic/dt = o at t = #;. This 
implies that vz,(t;) = ©, 
which is impossible in view 
of the principle of conser- 
vation of energy. By dual 
reasoning, it can be shown 
that the parasitic capaci- 
tance across any physical 
inductor will prevent an 
abrupt jump in the in- 
ductor voltage. 


An astable (free-running) multivibrator is a first-order autonomous 
nonlinear network with three distinguishing properties: (1) it has 
one, and only one, equilibrium state Q, (2) the equilibrium state 
Q is unstable, and (3) the DP plot of the resistive subnetwork is 
voltage-controlled if the energy-storage element is an inductor and 
current-controlled if the energy-storage element is a capacitor. For 
example, the circuits shown in Figs. 16-1 and 16-2 satisfy these 
properties and are, therefore, astable multivibrators. Observe that 
in both networks the slope of the DP plot at the equilibrium state 
Q is negative. Since this condition is necessary for Q to be 
unstable, we can conclude that in order to satisfy the properties 
defining an astable multivibrator, it is necessary that the DP plot 
exhibit a negative-resistance region. Moreover, the negative- 
resistance portion must intersect the 7 axis if the energy-storage 
element is an inductor and the v axis if the energy-storage element 
is a capacitor. 

From the dynamic routes and waveforms shown in Figs. 16-1 
and 16-2, we can conclude that both the current and voltage solu- 
tions of any astable multivibrator are periodic time functions. 
Moreover, the inductor voltage waveform and the capacitor cur- 
rent waveform exhibit two abrupt jumps per cycle.1 Observe that 
over each half-cycle the dynamic route stays entirely on one 
branch of the DP plot. In earlier days, the resistive subnetwork N 
of astable multivibrators usually consisted of two vacuum tubes 
connected in such a way that during each half-cycle one tube was 
conducting while the other was not. Therefore, while one tube was 
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“working,” the other was “relaxing.” Because of this unique be- 
havior, an astable multivibrator is sometimes called a relaxation 
oscillator. 

To synthesize an astable multivibrator, the first step is to look 
for a resistive subnetwork which exhibits the required DP plot. Two 
approaches are possible: (1) One can look for commercially avail- 
able nonlinear resistors whose v-i curves include a negative- 
resistance region. Some examples of these are the tunnel diode, 
the unijunction transistor, and the neon bulb. (2) One can apply 
synthesis techniques (such as those presented in Chap. 8) to realize 
the desired DP plot using commercially available components 
such as zener diodes, constant-current diodes, and transistors. Al- 
though the v-i curve of each of these elements does not contain a 
negative-resistance segment per se, a suitable interconnection of 
these elements can realize the desired DP plot. Since the basic 
principles are the same, it suffices for us to consider an illustrative 
example. 


EXAMPLE 


For our resistive subnetwork WN let us choose two identical zener 
diodes connected back to back across a rotator as shown in Fig. 
16-3a. The DP plot of the zener-diode combination is shown in 
Fig. 16-3b, where E, is equal to the breakdown voltage of the 
zener diodes. The DP plot of the composite network N corre- 
sponding to a clockwise angle of rotation (—90° <#< 0") is 
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Fig. 16-2. The DP plot seen 
by the capacitor of an astable 
multivibrator must be current- 
controlled, and the negative- 
resistance portion of the curve 
must intersect the v axis. 


(a) 
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v4 


(a) 


Fig. 16-3. A voltage-controlled 
DP plot with a negative-resist- 
ance segment intersecting the 
v axis can be realized by two 
zener diodes and a rotator. 


Fig. 16-4. The output wave- 
form corresponding to case 1 
consists of a periodic decaying 
exponential which can be 
clipped to obtain a square 
wave. 


(b) 


shown in Fig. 16-3c. This voltage-controlled DP plot can be used 
to design an astable multivibrator by simply connecting an induc- 
tor L across the driving-point terminals. By a suitable choice of 
the value of L and the angle of rotation @, it is possible to generate 
various useful periodic waveforms. Let us consider two typical 
cases: 


Case 1: E, = 7.1 volts, L = 10 mH, 6 = —45° The network cor- 
responding to the above choice of parameters is shown in Fig. 
16-4a, and the DP plot seen by the inductor is shown in Fig. 
16-4b. The resulting periodic waveform v(f) is readily obtained as 
shown in Fig. 16-4c. This waveform is useful in many pulse and 


Au(t), volts 


T = 10usec T = 10 usec 


E,=7.1 volts 


E=7.1 volts 
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digital circuits. For example, by applying v(¢) across the input of a 
base-and-peak clipper, the square wave vu,(t) shown in Fig. 16-4d 
is obtained across the output terminals of the clipper. Observe 
that the frequency of oscillation can be varied by changing the 
value of the inductance. 


Case 2: E, = 7.1 volts, L = 10 mH, 6 = —80°_ The network cor- 
responding to the above choice of parameters is shown in Fig. 
16-5a, and the corresponding DP plot is shown in Fig. 16-5b. This 
time the resulting periodic waveform of v(t) is as shown in Fig. 
16-5c. Comparing this waveform with that obtained in case 1, we 
observe that the peak value of vu(f) in the present case is more 
than twice the peak value of u(f) in case 1. Observe also that the 
present waveform is a lot sharper than in case 1. If we apply this 
waveform to the input of a base clipper, we obtain the periodic 
“pulse train” shown in Fig. 16-5d. As will be seen later, this par- 
ticular waveform has widespread applications. 


The above examples are chosen primarily for pedagogical 
reasons. They are not necessarily the best way nor the only way to 
generate a square wave or a pulse train under all circumstances. 
There are many other astable multivibrator circuits which can be 
used for these purposes, some of which are given in the problems. 
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Fig. 16-5. The output wave- 
form corresponding to case 2 
consists of a sharply decaying 
exponential waveform which 
can be clipped to obtain a pe- 
riodic pulse train. 


E,=7.1 volts 


Ez=7.1 volts 


v, volts 
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(d) 


Fig. 16-6. The DP plot seen by 
the inductor of a monostable 
multivibrator must be a multi- 
valued function of current and 
must intersect the i axis at one 
point. 


1 Recall that a curve in the 
y-vs.-x plane is said to be 
a multivalued function of 
x if for some value of x 
there corresponds more 
than one value of y. It is 
said to be a multivalued 
function of y if for some 
value of y there corre- 
sponds more than one 
value of x. 
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Depending on the specific applications and situations, one circuit 
may be preferred over another. 


Exercise 1: Discuss the effect of the slope of each segment of the DP plot 
in Figs. 16-1b and 16-25 on the waveforms i(¢) and v(Z). 


Exercise 2: Find the DP plot required to generate a 100-kHz symmetrical square 
wave using the following energy-storage elements: (a) a 100-yuF capacitor and 
(b) a 10-mH inductor. 


Exercise 3: Show that an astable multivibrator can be designed by replacing the 
inductor and the rotator in Fig. 16-4a by a capacitor and a reflector, respectively. 
Find the range of allowable angles of reflection 6. 


Exercise 4: Design a 10-kHz astable multivibrator using a type 1NXX6 tun- 
nel diode as the nonlinear element. 


16-3 MONOSTABLE (SINGLE-SHOT) MULTIVIBRATORS 


A monostable (single-shot) multivibrator is a first-order nonlinear 
switching network with three distinguishing properties: (1) at any 
time ¢ = 4; it has one, and only one, equilibrium state Qj, (2) the 
equilibrium state Q; is stable, and (3) at any time ¢ = ¢; the DP 
plot of the resistive subnetwork is a multivalued function of cur- 
rent if the energy-storage element is an inductor, and a multi- 
valued function of voltage if the energy-storage element is a 
capacitor. For example, for an inductor the DP plots shown in 
Fig. 16-6a to d satisfy the above properties. Similarly, for a capaci- 
tor the DP plots shown in Fig. 16-7a to d satisfy the above prop- 
erties. In either case, this multivibrator is monostable because it 
has one stable equilibrium state. 

Since by definition the equilibrium state Q; is stable, the in- 
ductor becomes a short circuit, and the capacitor becomes an 
open circuit at equilibrium. This is neither interesting nor useful. 
However, if we incorporate a triggering signal which enables us to 
switch instantaneously from one DP plot to another, then the re- 
sulting transient waveforms become very useful. The simplest way 
to incorporate a triggering signal is to connect a triggering-voltage 
source in series with the inductor or a triggering-current source in 
parallel with the capacitor as shown in Fig. 16-8a and b, respec- 
tively. Except for a horizontal or a vertical translation of the orig- 
inal DP plot, the form of the resulting DP plots remains un- 
changed. There are many other ways to connect the triggering 
source such that the resulting DP plot differs considerably from 
the original plot. However, since the basic principles are the same, 
we shall consider only the simpler case. 
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EXAMPLE 


The first step to synthesize a monostable multivibrator is to choose 
a resistive subnetwork with a suitable DP plot. An inspection of 
the typical DP plots shown in Fig. 16-6 might suggest a tunnel 
diode whose v-i curve resembles that of Fig. 16-6a. For simplicity, 
let us approximate the tunnel diode vg-ig curve by the piecewise- 
linear characteristics shown in Fig. 16-9a. Since this curve is 
voltage-controlled, an inductor must be chosen in order to satisfy 
the properties of a monostable multivibrator. If we connect the in- 
ductor directly across the tunnel diode, the equilibrium state will 
coincide with the origin. However, for reasons that will become 
obvious soon, it is often desirable that the equilibrium state of a 
monostable multivibrator be located near a breakpoint of the DP 
plot. We can attain this objective by connecting a resistor-battery 
biasing circuit in series with the inductor as shown in Fig. 16-9). 
From the explicit equilibrium state theorem we know that the 
equilibrium state of this network is the same as the operating 
point of the resistive subnetwork obtained by short-circuiting the 
inductor as shown in Fig. 16-9c. Hence, by an appropriate choice 
of R and E, we can obtain a load line which intersects the vg-ig 
curve at an operating point Q near the breakpoint 5, as shown in 
Fig. 16-9d. The equilibrium current is, therefore, given by i = Ig. 

After fixing the equilibrium state, it is convenient to obtain 
the composite DP plot seen by the inductor. The resulting v-i 
curve is simply the DP plot of the series combination of the tun- 
nel diode, the resistor R, and the battery E. This is obtained 
graphically as shown in Fig. 16-9e. As a check, observe that 
at equilibrium v = 0, and the equilibrium current is given by 
i= Ig. This agrees with the operating point in Fig. 16-9d, as 
it should. 

The next step is to incorporate a triggering-voltage source in 
series with the inductor as shown in Fig. 16-10a. The resulting DP 
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(d) 


Fig. 16-7. The DP plot seen by 
the capacitor of a monostable 
multivibrator must be a multi- 
valued function of voltage and 
must intersect the v axis at 
one point. 


Fig. 16-8. Two simple methods 
for switching from one DP plot 
to another. 
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DP plot of resistor - battery 
circuit in series 


Fig. 16-9. The introduction of 
a resistor-battery biasing circuit 
in series with an_ inductor 
results in a monostable multi- 
vibrator having a prescribed 
equilibrium state. 


+ Observe that at ¢ = fj the 
network is operating on 
branch 3 of the tunnel 
diode. Therefore, at ‘=f 
it must remain on branch 
3, if at all possible. This is 
the essence of the inertia 
postulate. 


Van" curve of 
tunnel diode 


plot during the triggering interval fo < ¢ < ft, is obtained by trans- 
lating the original v-i curve by Ep volts toward the left, as shown 
in Fig. 16-106. Observe that in view of the triggering signal, the 
DP plot of the network switches from the DP plot I to DP plot I 
at t = fo, and then switches back to DP plot I at ¢ = 4. The dy- 
namic route will clearly depend on the pulse width 6 of the trig- 
gering signal. A typical dynamic route suitable for a monostable 
multivibrator is shown in Fig. 16-105. Here we assume that the 
dynamic route reaches point d at t= 44. At t=/¢{ the DP plot 
switches instantaneously back to DP plot I. Since the inductor 
current cannot change instantly, the dynamic route must be along 
the horizontal line i = Jy. Since there are three possible candidates 
(e, e’, e’’), we must invoke the inertia postulate to conclude that 
the dynamic route must go to point e at ¢ = ff. 

The remaining portions of the dynamic route are easily ob- 
tained as shown in Fig. 16-10b. The corresponding output wave- 
forms of i(¢) and u;(t) are shown in Fig. 16-11a and b. 
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16-3-1 SOME APPLICATIONS OF MONOSTABLE MULTIVIBRATORS 


Most applications of monostable multivibrators are based on two 
significant properties of the output voltage waveform v(f).f The 
first property concerns the observation that the peak value of the 
output voltage (v, = 560 mv) is many times larger than the trig- 
gering amplitude (Ey = 100 mv). Moreover, since this peak output 
voltage is independent of the triggering amplitude, a monostable 
multivibrator can be used to produce a large output voltage signal 
whenever a relatively small input pulse is present. In this sense, 
the monostable multivibrator is used as a pulse amplifier. An ex- 
ample of this application is the detection of nuclear radiation by 
a Geiger counter, which operates on the principle that a weak 


Fig. 16-10. The dynamic route 
of a monostable multivibrator 
during the triggering operation. 


} For a capacitor it is the 
output current waveform 
that is useful. 
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Fig. 16-11. The output wave- 
forms of a monostable multi- 
vibrator during triggering oper- 
ation. 


Dynamic nonlinear networks 


current pulse is generated whenever a radiation particle passes 
through the counter tube. This weak current pulse can be used to 
trigger a monostable multivibrator, thus generating an output 
pulse large enough to deflect an indicating instrument such as a 
galvanometer. 

The second property concerns the abrupt-jump phenomenon 
of the output waveform v(¢). If this signal is applied to a base-and- 
peak clipper, the square output pulse v,(¢) shown in Fig. 6-12a is 
obtained. Observe that this pulse starts at ¢ = fy where t > fo. If 
we draw the triggering pulse v,(¢) directly below v(t) as shown in 
Fig. 16-125, we find that the output pulse is delayed by A = 4, — 
to sec. Therefore, a monostable multivibrator can be designed to 
function as a “delay line,” an indispensable building block in 
many electronic systems. By an appropriate choice of the time 
constant tT; = L/r,, any desired delay A can be obtained. 

So far our discussions are based on the dynamic route shown 
in Fig. 16-105. Let us now investigate the effects of the amplitude 
Eo and the pulse width 6 of the triggering signal on the dynamic 
route and the associated output voltage v(7). 
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16-3-2. MINIMUM TRIGGERING-PULSE-AMPLITUDE CONDITION 


Consider first the case where Ey < Emin, where Emin is the voltage 
at the upper breakpoint of the DP plot shown in Fig. 16-10b. The 
resulting DP plot II during to < ¢ < ft; is shown in Fig. 16-134. 
Observe that since the breakpoint P of DP plot II is in the right 
half-plane, the dynamic route will be as shown in Fig. 6-13a. 
Clearly, this dynamic route will never reach point P because it will 
take an infinite time interval to arrive even at the new equilibrium 
state Q’. Therefore, the dynamic route will arrive at some point b 
at t = ft) + 6 and then jump back to DP plot I. The correspond- 
ing waveform for v;(f) is shown in Fig. 16-13b. Observe that the 
desirable property of a large abrupt jump is no longer present. In 
fact, the magnitude of the jump in u;(f) is equal to Eo, the trigger- 
ing amplitude! Since nothing is gained here, this situation is un- 
desirable, and the multivibrator is said to have “failed to trigger.” 


v, (t) 
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Fig. 16-12. An_ illustration 
showing how the output voltage 
of a monostable multivibrator 
can be clipped to obtain a 
delayed square pulse. 


Fig. 16-13. The monostable 
multivibrator fails to trigger 
whenever Eo < Emin. 
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(a) 


Fig. 16-14. The dynamic route 


on the left occurs whenever p . “ A : : {Fi 
ig. 16-13a shows 
the trigger-pulse width is too 2 Order to avoid this situation, an inspection of Fig 


small. The one on the rightoc- that the triggering amplitude should be chosen large enough 

curs whenever the trigger-pulse_ so that the upper breakpoint P of DP plot II will clear the i axis 

ee ieee and move into the left half-plane. The condition to satisfy this re- 
quirement is clearly given by 


Eo = Ean (16-1) 


16-3-3. MINIMUM TRIGGERING-PULSE-WIDTH CONDITION 


Consider next the effect of the pulse width 6 on u,(f), assum- 
ing that Eq. (16-1) is satisfied. An inspection of the dynamic route 
of Fig. 16-10b shows that if 6 is smaller than the time it takes the 
route to arrive at the peak point of DP plot II (6 < % — 4%), then 
the dynamic route will be as shown in Fig. 16-14a. Since this is 
similar to the route of Fig. 16-13a, the multivibrator will fail to 
trigger. Therefore, for satisfactory triggering to occur, the pulse 
width 6 must be larger than the time din it takes the dynamic route 
to clear point P of DP plot II, or 


6 > Omin ( 16-2) 


What happens if 6 is too large? The corresponding dynamic route 

shown in Fig. 16-145 will repeat itself for as long as the trig- 

ger pulse is on. Since the circuit becomes an astable multivibrator 

for all times fo <¢< ty, the output voltage v;,(t) will consist 

of several cycles of oscillations as shown in Fig. 16-15.1 This wave- 

form is undesirable in the application described above. However, 

= 3 ae it is useful in other applications, such as in the design of a “burst 

1A circuit with this prop- tor.” wh iodic:“b 39) fica 1 a 

erty is usually called a 8€merator,” where a periodic urst of a few cycles of the output 
gated oscillator. signal is desired. Another application where a gated oscillator may 
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be useful is in the design of a threshold device for generating 
a persistent warning signal whenever the input signal reaches a 
predetermined “dangerous” level. 


Exercise 1: Verify that the multivalued DP plot shown in Fig. 16-6c and d can be 
synthesized by connecting a nonlinear resistor with an appropriate voltage- 
controlled DP plot in series with a positive linear resistor. 


Exercise 2: Verify that the multivalued DP plot shown in Fig. 16-7c and d can be 
synthesized by connecting a nonlinear resistor with an appropriate current- 
controlled DP plot in parallel with a positive linear resistor. 


Exercise 3: Derive a systematic procedure for determining the minimum 
triggering-pulse amplitude and the minimum triggering-pulse width directly from 
the load-line construction shown in Fig. 16-9d. 


Exercise 4: Discuss the triggering mechanisms for a first-order monostable 
multivibrator with a linear capacitor as the energy-storage element. Specify the 
conditions on the triggering-pulse amplitude and triggering-pulse width for 
successful operation. 


Exericse 5: Enumerate some practical applications of a delay line and a gated 
oscillator. 


16-4 BISTABLE (DOUBLE-SHOT, FLIP-FLOP) MULTIVIBRATORS 


A bistable (double-shot, flip-flop) multivibrator is a first-order 
nonlinear switching network with three distinguishing properties: 
(1) it has three equilibrium states Qi, Qe, and Q3, (2) at least two 
equilibrium states are stable, and (3) the DP plot of the resistive 
subnetwork is a multivalued function of voltage if the energy- 
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Fig. 16-15. The monostable 
multivibrator becomes a gated 
oscillator when the _ trigger 
pulse width is too large. 
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Fig. 16-16. The DP plot seen 
by the inductor of a bistable 
multivibrator must be a multi- 
valued function of voltage and 
must intersect the 7 axis at 
three points. 


yIn view of the inertia pos- 
tulate the dynamic route 
can jump only after reach- 
ing a breakpoint. Hence, 
if the initial state is along 
the segment containing 
either Q, or Qs, the dy- 
namic route will never 
reach Q». 
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storage element is an inductor, and a multivalued function of cur- 
rent if the energy-storage element is a capacitor. For example, for 
an inductor (Fig. 16-16a) both the current-controlled DP plot 
of Fig. 16-165 and the multivalued DP plot of Fig. 16-16c are 
multivalued functions of voltage and are, therefore, possible 
candidates for a bistable multivibrator. For a capacitor (Fig. 
16-17a) both the voltage-controlled DP plot of Fig. 16-175 and the 
multivalued DP plot of Fig. 16-17c are multivalued functions of 
current and are, therefore, possible candidates. Observe that two 
of the three equilibrium states Q; and Q3 in Fig. 16-16b and 
16-17b are stable, whereas the third equilibrium state Q2 is un- 
stable. Observe also that all three equilibrium states in Figs. 
16-16c and 16-17c are stable. However, the equilibrium state Q2 in 
this case is not “accessible” in the sense that unless the initial 
condition was originally located in that branch of the DP plot 
containing this equilibrium state, it is not possible to reach Qo. 
From experience we know that the initial state is never located in 
this branch, and hence even though Qz is stable, it is never ob- 
served. We can, therefore, conclude that the DP plots shown in 
Figs. 16-16 and 16-17 have two accessible stable equilibrium 
states, hence the name bistable. 

The two possible equilibrium states of a bistable multivibrator 
can be used to represent the two distinct states, usually labeled 
“state 0” and “state 1,” in binary logic. For example, whenever 
the multivibrator is operating at Qi, we can agree to call it state 0 
and whenever the multivibrator is operating at Q3, we can agree to 
call it state 1. This provides a simple form of “memory.” By a 
systematic arrangement of many bistable multivibrators, it is pos- 
sible to store information in digital form. It is, therefore, not 
surprising that bistable multivibrators are the building blocks of 
many digital computers. In order to be able to store the appropriate 
information, a means must be provided so that one can force 
a bistable multivibrator to operate at either of the two equilibrium 
states. This can be achieved by a triggering source similar to that 
used in triggering a monostable multivibrator. Before we present 
a detailed example, it is instructive to consider a mechanical 
analogy consisting of a glass tube (closed on both ends) with 
a metallic ball inside it as shown in Fig. 16-18a. The tube is free to 
turn about the pivot on top of the wedge, and the ball will move 
along the tube in accordance with the laws of mechanics. Observe 
that of the three equilibrium states Qi, Q2, and Q3 as shown in 
Fig. 16-185 to d, respectively, only Q; and Qs are stable. If we de- 
note the position Q; by 0 and the position Q3 by 1, we obtain a 
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(a) 


two-state device similar to a bistable multivibrator. To carry 
the analogy further, observe that we can trigger from state 0 to 
state 1 by applying a force F, to “flip” the glass tube (Fig. 16-18) 
until it “flops” over to the other side of the wedge (Fig. 16-18d). 
In view of this switching mechanism, a bistable multivibrator is 
commonly called a flip-flop. Observe that in order to trigger suc- 
cessfully from state 0 to state 1, a minimum force F is required 
to overcome the weight of the ball. Moreover, this force must be 
applied for a minimum period equal to the time it takes the ball 
to move past the pivoting point P as shown in Fig. 16-185. 
Similarly, a minimum triggering force F2 must be applied (Fig. 
16-17d) over a minimum period in order to trigger from state 
1 back to state 0. Let us now consider the design of an electronic 
flip-flop. 


For convenience, let us choose a tunnel diode again, but this time 
we shall use it to synthesize a bistable multivibrator. In view of the 
explicit equilibrium state theorem, it is clear that in order to 
obtain three equilibrium states, the resistive network obtained by 
short-circuiting the inductor or open-circuiting the capacitor must 
have three operating points. Hence the first step is to synthesize a 
biasing network so that its load line intersects the vg-iaq curve 
of the tunnel diode at three points. For reasons that will be obvious 
soon, it is desirable that these points be located near the break- 
points of the v,g-iq curve. One simple biasing network for accom- 
plishing this is shown in Fig. 16-19a. The corresponding operating 
points are shown in Fig. 16-19b. The next step is to select the 
energy-storage element and to connect it in such a way that the 
corresponding resistive network in equilibrium reduces to that 
shown in Fig. 16-19a. Since an inductor becomes a short circuit 
and a capacitor becomes an open circuit when the network is 
in equilibrium, it is clear that if an inductor is chosen, it must be 
connected in series with the biasing network as shown in Fig. 


Fig. 16-17. The DP plot seen 
by the capacitor of a bistable 
multivibrator must be a multi- 
valued function of current and 
must intersect the v axis at 
three points. 


Fig. 16-18. The mechanical 
analogy of a flip-flop. 


Glass tube 


Metallic 
ball 


(a) 


Ball resting 


(d) 
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Load line corresponding to 
R=75Q and E=600 mv 


(a) 


Fig. 16-19. The first step to 
synthesize a flip-flop is to de- 
sign a biasing network which 
yields three operating points. 
The next step is to choose the 
energy-storage element and 
the appropriate connections. 


Fig. 16-20. The DP plot seen 
by the inductor is a multivalued 
function of voltage, and the 
DP plot seen by the capacitor 
is a multivalued function of 
current. 


DP plot of 
resistor - battery 
series combination 


—400 


(d) 


(c) 


16-19c. Similarly, if a capacitor is chosen, it must be connected in 
parallel with the biasing network as shown in Fig. 16-19d. To 
verify that these two basic network configurations indeed satisfy 
the properties defining a bistable multivibrator, the DP plot 
as seen by the inductor is shown in Fig. 16-20a, and the DP plot 
as seen by the capacitor is shown in Fig. 16-20b. In the first case 
the equilibrium states Q1, Q2, and Q3 are found at the intersections 
of the multivalued v-i curve with the i axis. In the second case the 
equilibrium states Q1, Q2, and Q3 are found at the intersections of 
the voltage-controlled v-i curve with the v axis. In this case observe 
that Q; and Q3 are stable but Qp» is unstable. It remains for us to 
design an appropriate triggering circuit so that we can switch from 
one state to another. 


Case 1: Triggering the inductor flip-flop | The simplest way to trigger 
the inductor flip-flop circuit of Fig. 16-19c is to connect a voltage 


v,— 4, curve of 


eid AB Ney tunnel diode 


tunnel diode 


v, MV 


resistor - battery 
series combination 


(b) 
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: é : : : é Fig. 16-21. The simplest trig- 
source in series with the inductor as shown in Fig. 16-2la. De- _ gering circuit for an inductor 


pending on the initial equilibrium state, the triggering voltage may flip-flop consists of a positive 
be either a positive or a negative square pulse as shown in Fig. ° 2 negative square-voltage: 
16-21b and c, respectively. If the initial state is at Qj, itis n creek nerend =e 
? p Cc y. al sta a 1, S ecessary series with the inductor. 
to apply a positive pulse to switch from Q; to Q3. If the initial 
state is at Qs, it is necessary to apply a negative pulse to switch 
from Q3 to Q;. The pertinent DP plots before and after the 
triggering pulse is applied are shown in Fig. 16-22a corresponding 
to a positive pulse and in Fig. 16-22b corresponding to a negative 
pulse. Also shown in these figures are the dynamic routes corre- 
sponding to a typical pulse height Eo and pulse width 6. For 
illustrative purposes, the output waveforms corresponding to the 
triggering signal shown in Fig. 16-23a are shown in Fig. 16-23 
and c. 
Let us now investigate the effects of the triggering-pulse 
height Eo and pulse width 6 on the triggering operation. It suffices 
to consider the case where we want to switch from Q, to Qs. If the OER NE ee 
pulse height Eo is not chosen large enough for the upper break- — joutes corresponding to a typi- 
point of the shifted DP plot to clear the i axis, then the dynamic al positive triggering-voltage 
route will be as shown in Fig. 16-24a. Observe that this route Pulse and a negative trigger 


ing-voltage pulse. 


hi, ma 
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Fig. 16-23. The output wave- sc 3 ; 
farina eotkesGOneine 16-2 pOsl eventually returns to Qi, and the flip-flop fails to trigger. Clearly, 


five and a negative triggering in order to trigger successfully, the value of E must exceed 
voltage pulse applied in suc- the value of Emin shown in Fig. 16-24a. Consider next what 
Cases happens if the pulse width is too short. The resulting dynamic 
route in Fig. 16-24b shows that once again the operation returns 
to Qi, and the flip-flop fails to trigger. Clearly, the minimum value 
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dmin Of the pulse width must be equal to the time it takes the route 
to arrive at the upper breakpoint P shown in Fig. 16-245. 


Case 2: Triggering the capacitor flip-flop The simplest way to trigger 
the capacitor flip-flop of Fig. 16-19d is to connect a current source 
in parallel with the capacitor as shown in Fig. 16-25a. The positive- 
current pulse shown in Fig. 16-255 is required to switch from 
Q; to Q3. Conversely, the negative-current pulse shown in Fig. 
16-25c is required to switch from Q3 to Q). The pertinent DP plots 
before and after the triggering pulse is applied are shown in Fig. 
16-26a corresponding to a positive pulse and in Fig. 16-266 corre- 
sponding to a negative pulse. Also shown in these figures are the 
dynamic routes corresponding to a typical pulse height Jp and 
pulse width 6. For illustrative purposes, the output waveforms 
corresponding to the triggering signal shown in Fig. 16-27a are 
shown in Fig. 16-276 and c. It is easy to see that if Jp is too small, 
the dynamic route will be as shown in Fig. 16-28a, and the flip-flop 
fails to trigger. Similarly, if 5 is too small, the dynamic route will be 
as shown in Fig. 16-285, and the flip-flop also fails to trigger. 
To trigger successfully, it is necessary that Ip > Imin and 6 > Smin, 
where Jin is the peak current shown in Fig. 16-26a and din is the 
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Fig. 16-24. The flip-flop will 
fail to trigger if the pulse height 
Eo or the pulse width 6 is too 
small. 


Fig. 16-25. The simplest trig- 
gering circuit for a capacitor 
flip-flop consists of a positive 
or a negative square-current- 
pulse triggering source in par- 
allel with the capacitor. 
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Fig. 16-26. The dynamic 
routes corresponding to a typi- 2 ‘ $ : 
cal positive triggering-current time it takes the dynamic route to reach the point Q3 shown 


pulse and a negative triggering- in Fig. 16-28). 


Eumiens pole: From the output waveforms shown in Figs. 16-23 and 16-27, 


we observe that for the inductor flip-flop the output current i(¢) is 
the useful quantity because it exhibits two distinct values and can, 
therefore, be used to represent the two states of the binary logic. 
On the other hand, for the capacitor flip-flop the output voltage 
v(t) is the useful quantity. Observe that in both cases an additional 
period of time after the triggering signal has dropped to zero 
is needed for the respective output variable to reach the new 
equilibrium value. Since the speed of a digital computer is a 
function of how fast a flip-flop can be triggered from one state to 
another, it is highly desirable that this transient time be as short 
as possible. Since this depends on the time constant L/r; or rjC, 
the transient time can be minimized by choosing as small a value 
for L or C as possible. It is not possible to reduce L or C to zero 
because some parasitic inductance and capacitance are invariably 
present in any physical circuit. On the other hand, there is no rea- 
son for adding an external inductance to the inductor flip-flop or 
an external capacitance to the capacitor flip-flop because this will 
only increase the time constant of the resulting network. In other 
words, we need not use any physical inductance or capacitance to 
build a practical flip-flop because the parasitic inductance or the 
parasitic capacitance will assume the role of the desired energy- 
storage element. This is why most commercial flip-flop circuits do 
not show any energy-storage element explicitly. 


Fig. 16-27. The output wave- 


The above discussion is based on the assumption that only __ forms corresponding to a posi- 
one parasitic element plays a major role. Strictly speaking, how- "V° 4n¢ 2 negative triggering 


ever, there is more than one parasitic element, and hence a flip- 


current pulse applied in suc- 
cession. 


flop is actually an nth-order network. Fortunately, the error result- . 
ing from assuming only one of these parasitic elements is usually F'& 7°28: The flip-top wil 


quite small for most practical purposes. 
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fail to trigger if the current 
pulse height Jo or pulse width 6 
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Exercise 1: Compare the advantages and disadvantages of the two bistable multi- 
vibrator circuits shown in Figs. 16-21 and 16-25. 


Exercise 2: Design a bistable multivibrator using a type 1NXX8 glow lamp and a 
linear capacitor as the energy-storage element. Specify the conditions on the trig- 
gering-pulse amplitude and the triggering-pulse width for successful operation. 


Exercise 3: Repeat Exercise 1 with a linear inductor as the energy-storage 
element. 


Exercise 4: Connect a small parasitic capacitor across terminals a-b of the SCR 
in the latching switch shown in Fig. 10-6f and explain the switching mechanisms. 
Show that the presence of this parasitic capacitor prevents an instantaneous 
switching. Sketch the transient waveforms. 


16-5 SUMMARY 


First-order multivibrator A first-order dynamic network character- 
ized by the property that either the voltage or the current wave- 
form exhibits an “abrupt jump” either periodically or whenever 
a relatively small triggering signal is applied. 


Three types of first-order multivibrators 
1. Astable (Free-running) Multivibrator 


2. Monostable (Single-shot) Multivibrator 
3. Bistable (Double-shot, Flip-flop) Multivibrator 


TABLE 16-1 Properties of first-order multivibrators. 


Astable Monostable Bistable 
Defining Inductor- Capacitor- Inductor- Capacitor- Inductor- Capacitor- 
properties loaded loaded loaded loaded loaded loaded 
Number of 1 1 1 1 3 3 
equilibrium 
states 
Type of Unstable Unstable Stable Stable The two The two 
equilibrium outermost outermost 
state equilibrium — equilibrium 
states must states must 
be stable! be stable 
Type of DP _— Voltage- Current- Voltage- Current- Current- Voltage- 
plot of the controlled controlled controlled controlled controlled controlled 
resistive or multi- or multi- or multi- or multi- 
subnetwork valued valued valued valued 
function function function function of 
of current of voltage —_ of voltage current 


eee 


1 The center equilibrium state may be either stable or unstable. 


Synthesis of first-order multivibrators: the black-box approach 747 


PROBLEMS 


16-1 The DP plots of the resistive portion of an adjustable waveform 
generator, used in an automatic milling-machine controller, are 
shown in Fig. P16-1a to c. The controller sequence requires that a 
capacitor or an inductor be connected across the terminals of the 
resistive black box as shown in Fig. P16-ld and e. 

(a) Plot the waveforms of uc(‘) and i(t) for the circuit of Fig. 
P16-ld and the DP plot of Fig. P16-la when v,(0) = —10 
volts. 

(b) Plot the waveforms of u(t) and i(¢) for the circuit of Fig. 
P16-1d and the DP plot of Fig. P16-1b when v((0) = — 10 volts. 

(c) Plot the waveforms of v,(¢) and i(t) for the circuit of Fig. 
P16-le and the DP plot of Fig. P16-1b when i,(0) = —3 ma. 

(d) Plot the waveforms of uc(t) and i(f) for the circuit of Fig. 
P16-1d and the DP plot of Fig. P16-1c when v¢(0) = — 10 volts. 

(e) Classify the four circuit combinations above according to 
whether the operation is astable, monostable, or bistable. 


}-+—> v, 
810 volts 


Fig. P16-1. 


16-2 Consider the tunnel-diode circuit shown in Fig. P16-2a and the 
Ua-iq Curve shown in Fig. P16-2b. 
(a) If R = 100 Q, find the range of E for monostable operation 
and the range of E for bistable operation. 
(b) If R = 100 Q and E = 450 my, find the minimum amplitude 
of a rectangular voltage pulse required to trigger the circuit. 
Show how the pulse is to be applied. 
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Fig. P16-2. 


Fig. P16-3. 


u,(t), volts 
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(c) If R = 100 Q, E = 450 mv, and L = 15 mH, find the mini- 
mum pulse width of a 200-my triggering pulse for successful 
operation. 

(d) If R = 1002, E = 450 my, and L = 15 mH, find va(2) and 
ig(t) corresponding to a 200-mv triggering pulse with a pulse 
width of 250 psec. 


| /| 


J 1 
100 200 3004400. gv 


350 


(a) (b) 


16-3 Consider the flip-flop circuit shown in Fig. P16-3a where the DP 


plot of the resistive black box N is given by Fig. P16-30. 

(a) If the triggering signal v,(t) is as shown in Fig. P16-3c with 
Eo = 2 volts, find the minimum pulse width 6 required to 
trigger the flip-flop from its upper state to its lower state. 

(b) If 6 =0.5 msec, find the minimum pulse amplitude £o re- 
quired to trigger the flip-flop from its upper state to its lower 
State. 

(c) If Eo = 2 volts and 6 = 0.5 msec, find vz,(t) and i(¢). 


ji, ma 


(a) == 


t, msec 


Lower state 
(b) 


16-4 A neon lamp multivibrator circuit is shown in Fig. P16-4a. If the 


v-i curve of the neon lamp is given by Fig. P16-4 and if the trig- 
ger waveform i,(t) is shown in Fig. P16-4c, find the output voltage 
v(t) for the following cases: 


i,(t) 


16-5 


(a) 
(b) 
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5 = 14 usec, Ip = 0.4 ma. (c) & = 16 usec, Ip = 3.0 ma. 
6 = 14 usec, Ig = 3.0 ma. (d) 6 = 46 usec, Io = 3.0 ma. 


ee 
C= 0.001 uF ia 


t, sec U, 


20 40 60 80 
volts 


The triggering signal v,(t) for the bistable circuit shown in Fig. 
P16-5a is given in terms of the parameters 61, 52, £1, and E> 
as shown in Fig. P16-55. The v-i curve of the neon lamp is shown 


in Fig. P16-45. 

(a) Find the minimum value of £; in order to trigger the circuit 
from its high-current equilibrium state to its low-current 
equilibrium state. 

(b) If £; = 20 volts, find the minimum value of 6, to ensure 
a successful triggering operation. 

(c) If £; = 20 volts and 6; = 1.7 psec, find the waveform of i¢(Z) 
fort < 5 psec. 

(d) Assume that the circuit is in its low-current equilibrium state 


at ¢ = 7 usec when the negative trigger pulse shown in Fig. 
P16-5d is applied. (1) Find the minimum value of Eg to en- 
sure a successful triggering operation. (2) If Ez = —25 volts, 
find the minimum value of d:. (3) If Ez = —25 volts and 
5 = 1.4 psec, find i,(7) for t > 7 psec. 


u,(t), volts 


60 volts 


Fig. P16-4. 


Fig. P16-5. 


(a) 
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t, usec 


16-6 


Fig. P16-6. 


16-7 


Fig. P16-7. 


16-8 
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Most commercial square-wave voltage generators are designed to 

generate abrupt pulses and then clip them to produce a square 

wave. It is possible to eliminate the clipper by using the cir- 

cuit shown in Fig. P16-6. 

(a) Explain how this circuit works. 

(b) Derive the design equations for determining the values of R, 
L, and the zener breakdown voltage E, in order to generate 
a square voltage wave having a peak-to-peak amplitude of 2E 
volts and a frequency of f kHz. 

(c) What are the advantages and possible disadvantages of this 
circuit? 


One method of generating a square-wave current generator is to 
make use of two identical constant-current diodes in the cir- 
cuit shown in Fig. P16-7. 

(a) Explain how this circuit works. 

(b) Derive the design equations for determining the values of R, 
C, and the constant current Jp in order to generate a square 
current wave having a peak-to-peak amplitude of 27) ma and 
a frequency of f kHz. 

(c) What are the advantages and possible disadvantages of this 
circuit? 


The bistable tunnel-diode multivibrator circuit shown in Fig. 

P16-8a is a basic component of many modern digital computers. 

This circuit can be triggered to furnish two stable values of output 

voltage u(t). The v-i curves of the tunnel diodes are shown in 

Fig. P16-85 and c. 

(a) Sketch the waveform of the triggering signal i,(¢) in order to 
trigger from the low-voltage state to the high-voltage state. 
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Specify the minimum pulse amplitude and the minimum 
pulse width corresponding to a pulse amplitude of 10 ma. 
(b) Repeat (a) in order to trigger from the high-voltage state to 
the low-voltage state. 
(c) Sketch the output voltage waveform corresponding to the 
triggering pulse shown in Fig. P16-8d. 


100 {200 300 v;, mv i 


160 310 
(b) 


Up, MV 


100 * 200 f 300 
150 250 340 


(c) 


0.11 volt 
(a) 


t, msec 


16-9 Consider the bistable multivibrator circuit shown in Fig. P16-9a. _ Fig. P16-8. 
The two identical neon bulbs are characterized by the v-i curve 
shown in Fig. P16-9. 
(a) Find the voltages v;(t) and v2(t) when the circuit is in a stable 
equilibrium state. 
(b) If v,(t) is a rectangular triggering pulse, find the minimum 
pulse amplitude for successful triggering. Fig. P16-9. 


i,,t),ma 


— =| 100 volts 20 


10 


UV, , Up, Volts 


(a) ©) 
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16-10 
16-11 
Fig. P16-11. 
Switch S 


Pulse number 1 
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Consider the two basic circuit configurations shown in Fig. 16-19c 
and d in the text. Both circuits are made up of a nonlinear resistor 
(which may be either voltage-controlled or current-controlled), a 
linear biasing circuit, and an energy-storage element. 

(a) Show that because the load line is linear, any dynamic route 
(corresponding to any initial condition) of these circuits can 
be found by obtaining the composite DP plot of the biasing 
circuit with portions of the vg-ig curve of the nonlinear resis- 
tor representing the corresponding locus of operating points. 

(b) Using the method described in (a), find the current i,(7) of the 
circuit shown in Fig. P16-2 with E = 350 mv, R = 35 Q, 
Ih = \l Jal, and ig(0) =). 

(c) Check the solution in (5) by using the method described in 
the text. Compare the relative advantages of these two 
methods. 


The circuit shown in Fig. P16-1la can be used to determine the 
number of current pulses (up to a maximum of four) generated by 
the random pulse current source i,(f) in a selected 10-msec time in- 
terval. The 10-msec interval is selected by opening switch S for 10 
msec. Assume that S opens at ¢ = 0 and closes at ¢ = 10 msec. 
Further assume that during this 10-msec time interval, the current 
source i,(f) generates three 1-msec pulses as shown in Fig. P16-11b. 
(a) Determine the value of C so that pulse 1 switches the circuit 
from Q; to Q2 in exactly 1 msec. Sketch the current wave- 
form during the switching cycle. 
(b) Find the voltage across the capacitor at ¢ = 9.99 msec. 


t, msec 


17 SYNTHESIS OF FIRST-ORDER 
TIME-BASE GENERATORS: 
THE BLACK-BOX A 


17-1 WHAT IS A TIME-BASE GENERATOR? 


Any network designed specifically to provide a linear time scale is 
called a time-base generator. This class of networks is indispens- 
able in the design of many electronic systems involving time 
measurements. Some typical examples are radar, television, cath- 
ode-ray oscilloscopes, and timing circuits. As will be obvious soon, 
either the output voltage or the output current waveform of a 
time-base generator must be a linear function of time over some 
specified time interval. 

To show the necessity for a linear waveform, let us design a 
horizontal deflection system for an oscilloscope to sweep the elec- 
tron beam left to right at a uniform velocity. For convenience, let 
us assume that the horizontal deflection plates are connected with 
a battery in series with the output terminals of a time-base genera- 
tor v,(t) as shown in Fig. 17-la. The battery voltage Eg is chosen 
so that when v,(t) = 0, the electron beam will be deflected to the 
leftmost position A. As v,(f) increases positively, the electron 
beam will be swept toward the rightmost position B as shown in 
Fig. 17-15. Clearly, if v,(t) is assumed to be a linear waveform as 
shown in Fig. 17-1c, then by projecting the corresponding points 
as shown in Fig. 17-1d, it is clear that the time of occurrence of 
the electron beam at each point along the horizontal line A-B is 
uniquely determined. Since v,(¢) is linear, the beam velocity is uni- 
form, and the horizontal axis A-B can be calibrated with a linear 
time scale. This means that if we apply a voltage signal v,/(?) 
across the vertical deflection plates, the electron beam will trace 
out that portion of v,(¢) which occurs during the same time inter- 
val it takes the electron beam to sweep from point A to point B. 
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Oscilloscope screen 


(i) ty tp 


(7) 


Fig. 17-1. The principle in- 
volved in the display of an in- 
put voltage signal on the oscil- 
loscope screen requires the 
application of a linear time- 
base waveform across the ver- 
tical deflection plates of an 
oscilloscope. 


When the beam reaches point B at fg, it is necessary to make 
U;(tg) = 0 in order for the beam to return to point A. However, in 
view of the principle of conservation of energy, it is impossible for 
a physical network to exhibit an instantaneous jump. Therefore, 
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the beam will return to point A at some time fc > fg. It is conven- 
ient to define 


T; = tg — ta (17-1) 
and 
T, = tc — tg (17-2) 


where 7; is called the sweep time and T, is called the retrace time.1 
Ideally, we would like the retrace time to be as short as possible. 
Let us now investigate the effects of the sweep time 7; on the 
displayed waveform. Consider first the case where the vertical 
signal v,(¢) consists of a single pulse. If the pulse width is approxi- 
mately equal to the sweep time 7; as shown in Fig. 17-le, and if 
the pulse starts at ¢ = t,4, then the entire waveform will be swept 
and displayed as shown in Fig. 17-1f. If the pulse width is much 
shorter than 7 as shown in Fig. 17-1g, the complete waveform will 
still be displayed as shown in Fig. 17-1h. However, the displayed 
waveform will be so “compressed” that the details cannot be seen. 
Figure 17-1i shows the same input waveform starting at some time 
ta <t < tg, and the same compressed waveform is displayed as 
shown in Fig. 17-1j. If the pulse width is much longer than 
the sweep time as shown in Fig. 17-1k, then only a portion of the 
input signal is displayed as shown in Fig. 17-1/. It should be 
emphasized that since these input signals consist of a single pulse, 
the corresponding waveform will be displayed only once.? 
Consider next the case where the input signal v,(¢) is periodic. 
Suppose it is desired to display the sinusoidal signal v,(¢) shown in 
Fig. 17-2a. Since this signal is periodic, we can obtain a stationary 
display on the oscilloscope screen if the output voltage of the 
time-base generator consists of a periodic sawtooth waveform as 
shown in Fig. 17-26 to d. Since this waveform is similar to the out- 
put waveform of an astable (free-running) multivibrator, the net- 
work for generating this is called a free-running time-base genera- 
tor. The sweep time T, of the sawtooth waveform shown in Fig. 
17-2b is approximately equal to three times the period of v,(¢), and 
hence approximately three cycles of the sinusoidal signal will be 
displayed. Similarly, the sweep time of the sawtooth waveforms 
shown in Fig. 17-2c and d will result in a stationary display of ap- 
proximately two cycles and one cycle of the sinusoidal signal, 
respectively. In all cases observe that the sweep time 7; and the 
retrace time 7, were chosen so that the starting point of each new 
cycle of the sawtooth signal always coincides with the same position 
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1The retrace time is also 
known as the return time, 
the restoration time, or 
the flyback time. 


2 If it is desired to have the 
displayed waveform per- 
sist on the oscilloscope 
screen, a special-purpose 
oscilloscope called the 
memory scope must be 
used. 
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Aan, 


ce 


Fig. 17-2. A free-running saw- 
tooth waveform is required to 
display a stationary periodic 
signal. 


on the sinusoidal waveform. This condition is clearly necessary in 
order to display a stationary waveform on the oscilloscope screen. 
Observe that since the retrace time 7; is not zero, the correspond- 
ing portion of the sinusoidal signal will be displayed in the return 
trace as shown in Fig. 17-26 to d. This return trace can be elim- 
inated by shutting off the electronic beam during the retrace time 
intervals. This is easily achieved by applying a high negative volt- 
age called the “blanking signal” to the controlled grid of the 
electron gun. 

Any number of complete cycles of the sinusoidal waveform 
shown in Fig. 17-2a can be displayed steadily on the oscilloscope 
screen by an appropriate choice of the sweep time 7;. For example, 
if a detailed examination of the displayed waveform is desired, a 
single cycle can be displayed across the oscilloscope screen as 
shown in Fig. 17-2d. This flexibility cannot be attained if the 
periodic signal consists of a widely separated pulse train such as 
the one shown in Fig. 17-3a. Observe that in order to obtain 


Synthesis of first-order time-base generators: the black-box approach 


a stationary display of this signal by means of a free-running time- 
base generator, the period of the sawtooth waveform must be at 
least as large as the period of the pulse train as shown in Fig. 
17-3b. Since the pulse width 6 is extremely short compared with 
the period T, the displayed waveform will be so compressed that it 
will appear almost like a vertical line. In order to spread out this 
pulse, it is necessary that the sweep time 7; be equal to the pulse 
width. Moreover, in order for the displayed waveform to persist on 
the oscilloscope screen, it is necessary that whenever a pulse occurs, 
a linear time-base waveform is generated as shown in Fig. 17-3c. 
This can be done by a triggering circuit, and the resulting network 
is called a triggered time-base generator. 

The preceding discussion shows that there are two types 
of time-base generators, a free-running time-base generator, which 
generates a periodic sawtooth waveform, and a triggered time-base 
generator, which generates a linear waveform with a prescribed 
duration whenever a triggering signal is applied. Although a time- 
base voltage waveform is required in an oscilloscope, a time-base 
current waveform may be required in other systems, such as in the 
deflection coils of a television receiver. 

Based on the preceding discussions, we can now define an 
ideal free-running time-base generator as a black box whose out- 
put voltage or current consists of a periodic sawtooth waveform 


v,(t) 


(a) 
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Fig. 17-3. Atriggered sawtooth 
waveform is required to display 
a widely separated periodic 
pulse train. 
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Fig. 17-4. Two common ideal 
output waveforms of a free- 
running time-base generator. 


Fig. 17-5. Two common ideal 
output waveforms of a trig- 
gered time-base generator and 
the associated triggering sig- 
nal. 
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hae iz(t) 


(d) 


with a linear ramp and a zero retrace time. Two common examples 
of this ideal sawtooth waveform are shown in Fig. 17-4a and b. 
Similarly, an ideal triggered time-base generator can be defined as 
a black box with a triggering source such that a linear output volt- 
age or current waveform is generated each time the switching 
signal is applied and then drops back to the original value when 
the switching signal returns to zero. For example, Fig. 17-5 shows 
a switching signal v,(¢) or is(¢) with two ideal output waveforms. 
Observe that for complete generality, the output waveforms of 
Figs. 17-4 and 17-5 are drawn with a reference voltage Ege or 
reference current Jg:.. Observe also that the linear ramp may 
be either increasing or decreasing with time. Although the ideal 


v,(t), i,(t) 


T+ 
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DP plot when 
S is closed 


>U 


DP plot when 
S is opened 


(a) (b) (c) 


Fig. 17-6. An ideal sawtooth 
voltage waveform can be gen- 
erated by a current source in 
parallel with a switch and a 
capacitor. 


waveforms shown in Figs. 17-4 and 17-5 are not physically realiz- 
able, they are useful because they provide a model for the design 
of practical circuits. 

Most existing time-base generators can be considered as first- 
order nonlinear networks. It is not our objective to study the 
countless variations of existing circuits because this can at best be 
a systematic collection of “recipes,” a task which we abhor. Instead 
we shall present only the basic principles underlying the synthesis 
of time-base generators. In particular, only first-order time-base 
generators will be considered in this chapter. 


17-2. SYNTHESIS OF FREE-RUNNING TIME-BASE GENERATORS 


Let us consider first how the ideal waveforms of Fig. 17-4 can be 
synthesized using ideal elements. We have shown in Chap. 14 that 
a linear voltage waveform can be generated by connecting a cur- 
rent source across a capacitor. We have also shown that a linear 
current waveform can be generated by connecting a voltage source 
across an inductor. Hence, if we connect a switch S across the 
capacitor C as shown in Fig. 17-6a, then by closing and opening 
the switch S periodically, the ideal voltage waveform shown in Fig. 


17-6b is obtained. The ideal DP plot seen by the capacitor in this _ 
Fig. 17-7. An ideal sawtooth 


case is shown in Fig. 17-6c. Similarly, the series switching circuit 
shown in Fig. 17-7a will have an output sawtooth current as shown 
in Fig. 17-7b and an ideal DP plot as shown in Fig. 17-7c. Since 


current waveform can be gen- 
erated by a voltage source in 
series with a switch and an in- 
ductor. 


DP plot when 
S is closed 


DP plot when 
S is opened (ey 
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(a) 


Fig. 17-8. The output voltage 
waveform and DP plot of a 
realistic time-base generator. 


Fig. 17-9. A current-controlled 
DP plot can be chosen in place 
of the resistive network across 
the capacitor. 
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DP plot 


when S 
is closed 


P plot 
hen S | 


(b) (c) is opened 


the current time-base generator is simply the dual of the voltage 
time-base generator, it suffices to consider only one case from here 
on. 

Since any physical switch has a small but nonzero series re- 
sistance R; and any physical current source has a large but finite 
parallel resistance R,, the ideal circuit of Fig. 17-6a must be 
replaced by the more realistic model shown in Fig. 17-8a. The 
presence of the resistances R, and R, will prevent any abrupt 
change in the capacitor voltage. In fact, in order to allow time for 
the capacitor to discharge quickly during the return trace, the 
switch S must remain closed for a short but nonzero time interval. 
If we assume that S is open until the capacitor charges up to some 
specified voltage v,; = F, volts and is then closed until the capaci- 
tor discharges down to some specified voltage v, = E» volts, then 
the waveform v,(t) will be as shown in Fig. 17-8b. The associated 
DP plot and dynamic route are shown in Fig. 17-8c. 

Since v,(t) shown in Fig. 17-8d is periodic and resembles the 
output waveform of an astable multivibrator, we can eliminate the 
switch S and the current source J and choose, instead, a resistive 
black box N (Fig. 17-9a) with the DP plot shown in Fig. 17-9b. 
Since the dynamic route remains unchanged, the same output 
voltage is obtained. Clearly, it is desirable that segment 1 be 
as horizontal as possible and segment 3 be as vertical as possible. 
The main task in designing a free-running time-base generator, 
therefore, consists of realizing a resistive network with the desired 
DP plot. Let us consider two simple examples. 


EXAMPLES 


1. Neon-bulb Time-base Generator. There are many practical non- 
linear resistors and resistive black boxes which exhibit a DP 
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plot suitable for designing time-base generators. For simplicity, 
we shall choose a neon bulb whose v-i curve is shown in Fig. 
17-10a. Since a free-running time-base generator is simply an 
astable multivibrator with a specific DP plot, we can apply the 
techniques of Chap. 16 to bias the neon bulb for astable opera- 
tion. The resulting circuit is shown in Fig. 17-10b where the 
values of R and E are chosen so that the load line will intersect 
the negative-resistance segment as shown in Fig. 17-10a. The 
composite DP plot is obtained in Fig. 17-10c together with the 
associated dynamic route. Applying the methods of Chap. 15, 
the output voltage v,(t) is easily obtained and is shown in Fig. 
17-10d. The sweep time T; and retrace time 7; are given, re- 
spectively, by 


E, — E3 
= ee 8. 17-3 
f ie T1 so a Es ( ) 
Ek, — E4 
= 73 Int 4 17-4 
a srs 7 (17-4) 


Load line 
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Fig. 17-10. The synthesis of a 
neon-bulb time-base generator. 


762 


Dynamic nonlinear networks 


(a) 


Fig. 17-11. A unijunction tran- 
sistor time-base generator. 


{Changing the value of E 
has the effect of translat- 
ing the composite DP plot 
vertically and hence chang- 
ing the values of E3 and E4. 


where 71 = RyC and t3 = R3C. The frequency /; of this peri- 
odic waveform is, therefore, given by 


f=— (17-5) 


a ioe iis Ei, — E4 
—-——* + R3C In ——— 
gah ey Neen a go sere 
Observe that in order to approach the ideal sawtooth waveform, 
it is necessary that tT, > 73. Under this condition Eq. (17-5) can 
be approximated by 


l 


to = ——_ (17-6) 


Eo — £3 
RC In ora x 
In any case the frequency f, depends on the capacitance C, the 
supply voltage E,} and the slopes of the DP plot. Obviously, 
the simplest way to change the frequency is to vary the value 
onc. 


. Unijunction Transistor Time-base Generator. Consider the first- 


order unijunction transistor circuit shown in Fig. 17-1la. The 
DP plot seen by the capacitor was obtained in Fig. 6-40 
of Chap. 6 and is redrawn in Fig. 17-115. Notice that the ver- 
tical scale is compressed in order to show the complete dy- 
namic route. Since this dynamic route resembles the one 
shown in Fig. 17-10c, the unijunction transistor circuit in Fig. 
17-11a is in fact a voltage time-base generator. In practice we 
can save one battery by choosing E = Eg and applying the 
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v-shift theorem to obtain the equivalent time-base generator 
circuit shown in Fig. 17-11c. 


Exercise 1: Describe the detailed procedure for designing a current time-base 
generator. 


Exercise 2: Using a type 2NXX21 unijunction transistor, design a 10-kHz voltage 
time-base generator. 


17-3, SYNCHRONIZATION OF FREE-RUNNING TIME-BASE GENERATORS 


As we have shown earlier, a free-running time-base generator is 
required to display a stationary periodic signal. In order for the 
displayed waveform to remain stationary on the oscilloscope 
screen, it is necessary that the input signal and the sawtooth wave- 
form be “synchronized” at all times. By this we mean that the be- 
ginning of each sweep must occur at the same position on the input 
waveform. For example, consider the periodic input signal v,(4) 
shown in Fig. 17-12a and the sawtooth waveform u,(t) shown in 
Fig. 17-126. These two waveforms are synchronized because the 


vy(t) 


763 


Fig. 17-12. An example show- 
ing the need for synchroniza- 
tion between the time-base 
generator and the input signal. 
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starting point of each sweep occurs at exactly the same position 
(a, b, c, d,.. .) along the input signal. Consider now what happens 
if the frequency of the sawtooth waveform changes by a small in- 
crement. If the frequency decreases slightly as shown in Fig. 17-12c, 
the waveforms are no longer synchronized because the starting 
points a’, b’, c’, d’,...no longer coincide with one another. The 
effect of this is that the displayed waveform will drift slowly to the 
left of the oscilloscope screen. If the frequency increases slightly as 
shown in Fig. 17-12d, the waveforms are also not synchronized be- 
cause the starting points a”, b”, c’”, d’,.. . are different. In this case 
the displayed waveform will tend to drift slowly to the right. From 
these observations we can conclude that in order for synchroniza- 
tion to be possible, the frequency f, of the time-base generator 
must be an integral submultiple of the input signal frequency /,; 
namely, 


fo=*h (17-7) 


where n is any integer equal to or greater than 1. 

Since the frequency /, depends on such parameters as the sup- 
ply voltage and the slopes of the DP plot, it is clear that even if Eq. 
(17-7) was initially satisfied, the slightest perturbation due to noise 
or other extraneous factors will immediately result in a loss 
of synchronization. There are various methods that can be used to 
force the time-base frequency /; to “synchronize” or “lock” with 
the input signal frequency f,. Since the basic principles are the 
same in all cases, we shall consider only one method, the pulse 
synchronization method. 

In the pulse synchronization method the time-base generator 
is synchronized with a pulse train v,(t) having the same frequency 
fy as the input signal. This synchronization signal v,(t) is always 
derived from the input signal v,(‘) by some standard wave- 
form operation in order to ensure that the frequency is exactly fy. 
For example, v(t) can be obtained from the output of a monostable 
multivibrator which is being triggered by the input signal v,(7). 
Ideally, each synchronization pulse should have a very fast rise 
time. Let us consider the mechanism behind the synchronization 
phenomenon. 

The DP plot and the output waveform of a typical time-base 
generator are shown in Fig. 17-13a and b. The dynamic route 
jumps from segment 1 to segment 3 whenever the breakpoint 
Biv = E;}) is reached. This is indicated in Fig. 17-135 by the hori- 
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zontal switching threshold v = Fy. If E; either increases or 
decreases, this switching threshold will move either up or down. 
Accordingly, the frequency f; of v(t) will either decrease or increase. 
In practice, because of the presence of noise or other extraneous 
factors such as changes in temperature and environment, the DP 
plot of Fig. 17-13a will vary randomly. This variation can be rep- 
resented by a tolerance band around the DP plot as shown in Fig. 
17-13c. In other words, because of the uncertainties involved, we 
can state only that the DP plot at any time will lie within 
the tolerance region. If we denote the maximum variation in v by 


Vy, = v(t) 


Switching threshold 
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Fig. 17-13. The frequency of 
any physical time-base genera- 
tor will vary whenever the 
switching threshold changes. 


(a) 


| 
| 
| 
| | Uncertainty band 
| 
| 


v= E, + AE (max. threshold voltage ) 


Switching 
eater i v=E, threshold 
v = E, —AE(min. threshold voltage ) band 


(c) (d) 


Fig. 17-14. The mechanism for 
synchronization consists of ini- 
tiating the vertical jump before 
the minimum threshold voltage 
is reached. 
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+AE, then the horizontal switching threshold becomes a thresh- 
old band as shown in Fig. 17-13d. 

Let us observe what happens if we connect a synchronization 
voltage source v,(f) in series with the capacitor as shown in Fig. 
17-14a. If v(t) is as shown in Fig. 17-146, then the DP plot will be 
shifted to the left whenever a pulse appears, and the threshold volt- 
age will decrease by an amount equal to the pulse height EF, 
of u,(t). The switching threshold will, therefore, change as shown 
in Fig. 17-14d whenever a pulse occurs. Observe that because we 
have hastened the switching to occur prematurely, 1.e., before the 
dynamic route reaches the uncertainty band, the frequency of v,(A) 
in Fig. 17-14d will be precisely equal to that of u,(4). Therefore, the 
time-base generator is synchronized with the input signal, and one 
cycle of v,(t) will remain stationary on the oscilloscope screen. 

We shall now show that a minimum pulse height and a mini- 
mum pulse frequency (relative to the unsynchronized frequency 
Je) is required to ensure synchronization. Consider first the case 


(a) 


ho, (t) 


' 1 1 ' i) 
New switching Minimum threshold 
threshold voltage voltage 

| 


(d) 
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(a) 
v,(t) 


(b) 


(c) 


when the pulse height is relatively small as shown in Fig. 17-15a. 
It is easily seen that this pulse height is too small to cause 
the switching to occur prematurely, and hence no synchronization 
is possible in this case. For synchronization to occur, the minimum 
pulse height must be chosen [depending on the frequency of v,(¢)] 
so that the breakpoint B of the DP plot of Fig. 17-14c is shifted to 
the left of the value assumed by v,(¢) at the time when a pulse 
occurs. 

When the pulse frequency is smaller than the unsynchronized 
frequency f, of the time-base generator as shown in Fig. 17-150, 
again no synchronization is possible.t It is easy to see that in 
order for synchronization to occur, the frequency of v,(¢) must be 
greater than the highest possible unsynchronized frequency /, of 
the time-base generator. An example illustrating this condition is 
shown in Fig. 17-15c. It is easy to see that, provided the pulse height 
is large enough, the sawtooth waveform »,(7) will synchronize 
with a subharmonic frequency of v,(f). In this case, more than one 


Fig. 17-15. Waveform relation- 
ships showing that synchroni- 
zation will not occur whenever 
(a) the pulse height or (5) the 
pulse frequency is too small. 
Synchronization can be at- 
tained, however, with (c) a 
higher-frequency synchroniza- 
tion signal. 


1 Observe that in this case 
a partial synchronization 
occurs every few cycles. 
However, this phenome- 
non does not have any 
practical value at present. 
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1 The rpm of a synchronous 
motor is a function of the 
frequency of the applied 
voltage. 
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stationary cycle of the input signal can be displayed on the oscil- 
loscope screen. This phenomenon is useful in many other applica- 
tions. For example, if we consider v,(#) as the input signal and v,(¢) 
as the output signal, then the output frequency /, will be equal to 
a subharmonic of the input frequency f,; namely, 


fmt (17-8) 


This property is the basic operating principle of most frequency 
dividers that exist today. Indeed, by connecting an appropriate 
number of these dividers in cascade, it is possible to divide accu- 
rately an extremely high-frequency pulse train down to any desired 
output frequency. This property has been used in the design of an 
atomic clock. For example, certain atomic beams (such as that of 
cesium) are known to resonate at an extremely high and ex- 
tremely stable frequency. A typical resonant frequency might be 
101° cps with a maximum frequency variation of AF equal to 
10-5 cps. If we divide this frequency down to 1,000 cps to operate 
a synchronous motor, then n = 10’, and the output frequency 
variation is Af = 10-5/107 = 10-2 eps. Hence it will take 1012 sec 
for the motor frequency to change by one cycle. In view of 
this great stability, the motor can be calibrated to serve as an ex- 
tremely accurate clock.! 

We have merely scratched the surface of the subject of syn- 
chronization. This phenomenon is unique in that it can occur only 
in nonlinear systems. Although a complete theory of synchroniza- 
tion is not presently available, it is good to know that most prac- 
tical synchronization mechanisms are similar to the simple case 
presented in this section. 


Exercise 1: Discuss the synchronization mechanism using a periodic rectangular 
synchronization pulse. 


Exercise 2: Discuss the synchronization mechanism using a sinusoidal synchro- 
nization signal. 


17-4 SYNTHESIS OF TRIGGERED TIME-BASE GENERATORS 


We have already shown that in order to obtain a stationary display 
of one pulse of a widely separated pulse train and spread it out 
across the entire oscilloscope screen, it is necessary to initiate a 
linear sweep each time a pulse occurs. Ideally, this can be done by 
opening a normally closed switch S in the circuit of Fig. 17-6a 


u, (¢) 
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Electronic 


switch 


(a) a 


(d) 


during the time interval where a pulse is present. The electronic 
switching circuit shown in Fig. 17-l16a can be used to open 
the switch at the start of each pulse and to close the switch upon 
the termination of the pulse. The switching signal v,(¢) is generally 
a square wave obtained from the input pulse train. For example, 
the typical pulse train v,(¢) shown in Fig. 17-165 can be used to 
trigger a monostable multivibrator. The output of the multivibrator 
can then be clipped to obtain the desired switching signal v,(¢) 
shown in Fig. 17-16c. In this case the electronic switch must be 
designed so that it will be open whenever v,(¢) = E, and closed 
whenever u;(t) = 0. The output waveform v,(t) of this ideal time- 
base generator will then be shown in Fig. 17-16d. 

Several practical limitations must be considered in the design 
of a time-base generator. First of all, the switching signal v,(¢) will 
generally be delayed by some short but nonzero time interval AT. 
In this case, v(t) and v,(t) will also be delayed by AT as shown by 
the dotted lines. The effect of this is that a small initial portion of 
the input waveform v,(t) will not be displayed. However, by a 
careful choice of components, it is possible to reduce AT to a very 
small value so that the portion of v,(/) that is lost will not be 
noticeable. Another practical limitation is the fact that it is impos- 
sible to design an ideal electronic switch or an ideal current source. 
This means that the output waveform v,(¢) of the time-base gen- 


>t 


Fig. 17-16. An ideal voltage 
time-base generator being trig- 
gered by an electronic switch. 
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Resistive a 

black box Zz 
i 
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Fig. 17-17. A DP plot with a 
horizontal segment intersect- 
ing the i axis can be used in 
place of the current source. 


Fig. 17-18. Three simple prac- 
tical circuits that can be used 
in place of the current source. 


\ 
Elis 


(a) 
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erator will not be linear and that the retrace time will not be zero. 
With these limitations in mind, let us now consider a few sample 
designs. 


EXAMPLES 


1. An FET-triggered Time-base Generator. From the basic circuit 
configuration shown in Fig. 17-16a, it is clear that a triggered 
time-base generator can be designed in two steps: (1) choose 
or design a suitable current source, and (2) design the associated 
electronic switch. 

For step 1 let us refer to Fig. 17-8 and observe that it is 
not really necessary to have a current source. Indeed, any two- 
terminal black box whose DP plot contains a horizontal seg- 
ment which intersects the 7 axis (Fig. 17-17) would do just as 
well. For example, the DP plot of each of the three black boxes 
shown in Fig. 17-18a to c contains a nearly horizontal segment 
and can, therefore, be used in place of the ideal current source. 
The value of R in Fig. 17-18a must be chosen very large 
in order for the DP plot to approach a horizontal line. In all 
cases, however, the segments will always have a nonzero slope. 
It is possible to reduce the slope of these segments by adding 
compensating circuits, thus improving the linearity of the out- 
put waveform. Since this refinement does not involve any new 
concept, we shall not bother to consider it here. 

For step 2 we can apply the principles presented in Chap. 
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N-channel 
FET Tn 


u,(t) 


10 to synthesize the appropriate electronic switch. For example, 
if we choose the n-channel FET switch shown in Fig. 17-19a 
and the switching signal v,(¢) shown in Fig. 17-195, then the DP 
plot across terminals a-b will approximate an open circuit when 
Ves = —E£E, and a short circuit when Vgg = 0. Since this is a 
unidirectional switch, we must choose the circuit of Fig. 17-18a 
to simulate the current source so that the corresponding load 
line will intersect the horizontal segment when Vgg = — FE; and 
the vertical segment when Vgg = 0 (Fig. 17-19c). The complete 
triggered time-base generator is shown in Fig. 17-19d. Observe 
that since the current intercept of the load line corresponding to 
the circuits of Fig. 17-185 and c is negative, it would be neces- 
sary to use a p-channel FET switch if these circuits were to be 
used in place of the ideal current source. 


. A Self-triggered Time-base Generator. Another method for de- 
signing a triggered time-base generator is to synthesize first a 
free-running time-base generator and then prevent the switch- 
ing operation from occurring. A simple method to accomplish 
this is to connect a zener diode across the resistive black box 
of a free-running time-base generator as shown in Fig. 17-20a. 
If the original DP plot of the resistive black box is shown in 
Fig. 17-21a and the DP plot of the inverted zener diode is 
shown in Fig. 17-215, then the composite DP plot is readily ob- 
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Fig. 17-19. The complete de- 
sign of a simple FET-switch- 
triggered time-base generator. 
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(a) (d) 


Fig. 17-20. A_ free-running 
time-base generator can be 
converted into a_ triggered 
time-base generator by con- 
necting a switching voltage 
source in series with the resis- 
tive black box and a zener 
diode in parallel with the ca- 
pacitor. 


(b) 


Fig. 17-21. The composite DP (4) r 
plots in the presence and ab- 
sence of the switching signal 
show the basic mechanism for 
initiating a linear sweep. (c) 
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tained as shown in Fig. 17-21c. Observe that point Q is a stable 
equilibrium state, and hence no switching will occur. In order 
to initiate the sweep, we must connect a switching voltage 
source v,(t) as shown in Fig. 17-20b. This has the effect of shift- 
ing the original DP Plot I to the new DP Plot II shown in Fig. 
17-21d. If this shift is large enough so that the new threshold 
voltage Ej is smaller than the zener voltage E,, namely, 


Ei <E, (17-9) 


then the composite DP plot will be as shown in Fig. 17-21f. In 
this case switching will occur, and a linear sweep will be initi- 
ated after the dynamic route has returned to segment 2 of the 
composite DP plot. Since the sweep will terminate when 
v(t) = 0, the input pulse train can be used as the switch- 
ing signal itself. In this case we can guarantee that the duration 
of the linear sweep will be approximately equal to the pulse 
width. For example, if the pulse train vu,(¢) is shown in Fig. 
17-22a, then the output waveform v,(t) will be as shown in 
Fig. 17-22b. Observe that the linear sweep will occur only after 
the retrace time 7; is completed. This means that the initial 
portion of the pulse will not be displayed on the oscilloscope 
screen. Hence this method of triggering is suitable only for 
tracing slowly varying waveforms so that only a small initial 
portion of the pulse is lost. The advantages of this method over 
the electronic switching method are the inherent simplicity of 
the circuit and the fact that the same input pulse train can be 
used as the switching signal, thus obviating the need for addi- 
tional external circuitry. Another desirable feature of this 
method is that by connecting a mechanical switch in series 
with the zener diode, we can obtain either a triggered time-base 


vu, (t) = vy(t) 


Fig. 17-22. The output wave- 
form of a time-base generator 
and its associated input-trig- 
gering pulse train. 
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generator or a free-running time-base generator by merely 
closing or opening the switch. 

An examination of the circuit shown in Fig. 17-206 and 
the switching mechanism in Fig. 17-21 shows that the effect of 
the zener diode is to prevent the capacitor voltage from exceed- 
ing the zener breakdown voltage E,. Observe that as soon as 
the diode “catches” this breakdown voltage, it behaves like a 
battery of voltage E,. Because of this the diode (when used for 
this purpose) is often referred to as a catching diode. When a 
zener diode is not available, the catching diode can be realized 
by a junction diode and a battery. In view of this “catching” 
phenomenon, the switching must be initiated before the capac- 
itor voltage reaches the critical value E,. This is accomplished 
by applying an appropriate switching signal so that the result- 
ing DP plot will not contain a vertical segment intersecting the 
v’ axis as shown in Fig. 17-217 


Exercise 1: Describe the design of an ideal current time-base generator analogous 
to that shown in Fig. 17-16. 


Exercise 2: Design a triggered time-base generator using a p-channel FET switch 
and a constant-current diode as the nonlinear elements. 


17-5 SUMMARY 


Time-base generator A first-order dynamic network for generat- 
ing a linear output voltage waveform (voltage time-base generator) 
or a linear output current waveform (current time-base generator). 


Two types of time-base generators 


1. Free-running time-base generator. The output voltage or cur- 
rent is a periodic sawtooth waveform. 


2. Triggered time-base generator. The output voltage or current 
is an aperiodic linear ramp initiated by a triggering signal. 


Some practical considerations 


1. The retrace time in a practical free-running time-base genera- 
tor is never zero. It must be made as small as possible. 


2. The waveform during each sweep-time interval is not exactly 
linear. Linearity can be improved by altering the slope of 
the appropriate DP plot segments. 
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3. In order to obtain a stationary display in the oscilloscope 
screen, an external synchronization signal may be applied 
through an appropriate synchronization circuit. The synchro- 
nization signal is usually derived from the time function being 
displayed. It consists of a periodic string of pulses whose fre- 
quency must be an integral submultiple of the input signal 
frequency. 


PROBLEMS 


17-1 Consider the neon-bulb time-base generator circuit shown in Fig. 
P17-la, where the v,-i; curve of the neon bulb is shown in 
Fig. P17-15. 
(a) Plot the voltage waveform v(f) at steady state. 
(b) Find the sweep time T; and the retrace time T,. 


520 volts 


vb volts 


(a) (b) 
Fig. P17-1. 


17-2 A neon-bulb sawtooth generator circuit is shown in Fig. P17-2. 
Using the v,-i; curve shown in Fig. P17-14, find an appropriate set 
of values for R, E, and C in order to generate a 1-kHz nega- 
tive sawtooth voltage waveform. 


Fig. P17-2. 
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17-3. A relatively simple current time-base generator circuit is shown in 
Fig. P17-3a. The v1-i1 curve of the tunnel diode type INXX6 is ap- 
proximated by the piecewise-linear curve shown in Fig. P17-3b. 
(a) Plot the current waveform i(¢) at steady state. 

(b) Find the sweep time T; and the retrace time T;. 


== O LO VOL 


300 400 
(a) (6) 
Fig. P17-3. 

17-4 The unijunction transistor in the circuit shown in Fig. P17-4a 
is biased by R and E so that it exhibits a vj-i; curve across ter- 
minals a-b as shown in Fig. P17-4b. 

(a) Plot the voltage waveform vu(f) at steady state. 
(b) Find the sweep time 7; and the retrace time T,. 


= 20 volts 2 


Ur» volts 


(a) (b) 


Fig. P17-4. 


17-5 A common transistor time-base generator is the “bootstrap” circuit 

shown in Fig. P17-Sa. 

(a) Using n-p-n transistor model Cy and assuming J¢go = 0 and 
Vono = 0, show that the DP plot across terminals a-b is given 
by Fig. P17-5d. 

(b) Can segment 2 of the DP plot be made to appear as our ideal 
current source for a given value of 8? If B is variable, can it 
be made into an ideal current source? 
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(a) BE BE» (0) 
[ee isan | 


Fig. P17-5. 
17-6 The circuit shown in Fig. P17-6a is to be used as a time-base gen- 
erator in a cathode-ray oscilloscope. The DP plot of the nonlinear 
resistive box is given in Fig. P17-6b. 
(a) Find C such that the frequency of oscillation is 1 kHz 
and sketch the waveform v(‘). 
(b) It is desired to synchronize this time-base generator with a 
1.1-kHz sine wave. To accomplish this a pulse train v,(¢) is de- 
rived from the sine wave as shown in Fig. P17-6c. Indicate 
how v,(f) should be applied in order to synchronize vu(/) with 
v,(t). Assuming that E is of sufficient magnitude to accom- 
plish switching instantaneously, sketch a typical dynamic 
route. 
(c) What is the minimum magnitude for E that ensures syn- 
chronization? 
Fig. P17-6. 


>v, volts 


1 Although the class of non- 
autonomous networks may 
include other time-varying 
elements such as fime- 
varying resistors, induc- 
tors, and capacitors, only 
time-varying independent 
sources are allowed in this 
chapter. Consequently, 
most of the theorems and 
methods are formulated for 
this class of networks and 
may not be valid for the 
more general case. 


2A quasi-resistive network 

was defined earlier in Sec. 
9-1 as a functional network 
which behaves as a resis- 
tive network most of the 
time except during short 
periods where the wave- 
forms are undergoing 
rapid changes. A wave- 
form may undergo rapid 
changes during the ap- 
plication of stepwise 
signals. 


18-1 


MOTIVATION AND STRATEGIES 


All the methods developed in the preceding chapters are based on 
the fundamental property that over each appropriately chosen 
time interval the resistive subnetwork can be characterized by a 
fixed DP plot. This property ceases to be true whenever the net- 
work contains ac independent sources described by time functions 
which are not of a stepwise nature. Based on our earlier definition 
(Secs. 4-6-2 and 13-4-1), this class of dynamic networks is said to 
be nonautonomous.! Roughly speaking, most practical autonomous 
networks can be considered as waveform generators or oscillators 
because they do not require an external driving source, other than 
stepwise triggering signals. In contrast with this, most practical 
nonautonomous networks can be considered as waveshaping net- 
works or signal processors because the time functions generated by 
the ac sources are being transformed or processed upon passing 
through such networks. 

Nonautonomous networks are commonly encountered in 
practice for two reasons. First, there are many practical signal 
processors which are inherently nonautonomous. Second, in order 
to obtain the transient response of quasi-resistive networks,? it is 
necessary to include major parasitic capacitors and inductors in 
the analysis. 

Since the DP plot (seen by the energy-storage elements) 
changes from time to time in a nonautonomous network, new ap- 
proaches are needed to analyze this class of networks. Although 
the numerical techniques described in Sec. 4-7 are valid for both 
autonomous and nonautonomous networks, they suffer from the 
same objections raised earlier in Sec. 14-1; namely, the solutions 
do not give a qualitative picture of a network’s behavior. To over- 
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come this objection, we shall introduce a powerful and general 
graphical approach, the constant-slope network approach. Before 
we do this, however, we shall consider first two special classes of 
nonautonomous networks which are amenable to an analytic 
solution, namely, /inear and piecewise-linear networks. 


18-2. NONAUTONOMOUS FIRST-ORDER LINEAR NETWORK ANALYSIS 


Any nonautonomous first-order linear network can be represented 
by the black-box configuration shown in Fig. 18-la.1 The ac- 
resistive subnetwork N may contain linear resistors, ac or dc in- 
dependent sources, controlled sources, and other linear resistive 
elements. Since all resistors are linear and time-invariant, the re- 
sistive subnetwork WN can be replaced by its Thévenin equivalent 
circuit as shown in Fig. 18-15 or by its Norton equivalent circuit 
as shown in Fig. 18-1c.? The resistance R is the equivalent resist- 
ance seen by the capacitor or inductor when all independent sources 
inside N are set equal to zero. The time functions u,(¢) and 
i(t) represent, respectively, the equivalent open-circuit voltage and 
the equivalent short-circuit current across terminals a-b. Our ob- 
ject is to be able to calculate v,(¢) corresponding to any u,(¢), and 
to calculate i,(t) corresponding to any i,(¢). Since the two circuits 
are duals, it suffices to consider only the capacitor case. 


18-2-1 ZERO-STATE RESPONSE 


Without loss of generality let us assume that v,(¢) = 0 for all 
t < to, where fg is called the initial time and is usually taken to be 
zero. The pertinent state variable in this case is the capacitor volt- 
age Up. Recall that the capacitor may have an initial voltage v,(to) 
even though u,(t) = 0 for ¢ < fo. The solution v,(t) must depend, 
therefore, on both vu,(¢) and the initial state v,(fo). As will be shown 
in the next section, for a linear network the effect of v;(4) and v,(to) 
on the solution v,(¢) can be treated separately. Hence, in this sec- 
tion we shall find v,(¢) corresponding to the zero initial state 
U,(to) = 0. To emphasize that this is not the complete solution, 
we shall call v,(¢) corresponding to v,(to) = 0 the zero-state response. 

The normal-form equation for the network in Fig. 18-1 is 
given by 


(18-1) 
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1 This assumes that the net- 
work contains neither 
loops of capacitors and 
voltage sources nor cut 
sets of inductors and cur- 
rent sources. 


2 We have arbitrarily chosen 
the energy-storage element 
in Fig. 18-15 to be a ca- 
pacitor and in Fig. 18-lc 
to be an inductor. Obvi- 
ously, the equivalent cir- 
cuit is applicable to both 
cases. 
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Fig. 18-1. Any nonautonomous 
first-order linear network can 
be represented by an equiva- 
lent Thévenin or Norton net- 
work. 


1 The variable y in Eq. 18-2 
is a dummy variable and 
may be replaced by any 
other symbol. 


2 We can rewrite Eq. (18-2) 
into the form 


Uo(t) 
_'[Lewwr|oone 
0 


T 


or 


t 
Doe) = il h(t — y)vi(y) dy 


where h(t)=(1/7)e-"””. The 
second integral is usually 
called the convolution 
(Fredholm, superposition) 
integral in mathematics. It 
can be shown that the 
zero-state response of any 
nonautonomous nth-order 
linear network is always a 
convolution integral with 
an appropriate h(d), called 
the impulse response. 


(6) 


where t = RC is the time constant of the circuit. We shall now de- 
rive the solution in the form of a theorem. 


ZERO-STATE RESPONSE THEOREM 


The zero-state response of any nonautonomous first-order capac- 
itor-loaded linear network is given by! 


vt) =Le ts evry) dy 1 > to (18-2) 
fT 0 


To prove this theorem, it suffices to show that Eq. (18-2) has 
a zero initial state and that it satisfies Eq. (18-1). First, we observe 
that 


vo(to) = Few Jeo) ay = 0 


since the upper and the lower limits of integration are equal. 
Hence, the initial state is indeed zero. Next, let us differentiate Eq. 
(18-2) with respect to the variable f: 


oe) - |- 5 ete |f j ev/70;(y) 4 | " E et fevroi(0)] 


l Lae 
gs oe Fe” lg ev/"u;(y) dy 


T 


(18-3) 


Substituting Eqs. (18-2) and (18-3) into Eq. (18-1) reduces both 
sides of this equation to an identity. This proves that Eq. (18-2) is 
indeed the zero-state response.? 
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EXAMPLES 


1. Let v,(0) be the step function shown earlier in Fig. 15-5a. In this 
case 0,(¢) = 0 for t < 0 and u,(t) = E for t > 0. Hence, we can 
substitute t) = 0 and u(y) = E in Eq. (18-2) to obtain 
vd) = Lew [" ev(B) dy = Bll — #7 t>0 (18-4) 


0 


This solution, of course, agrees with that shown in Fig. 15-6, as 
it should. 
2. Let v(t) be a unit-ramp function; that is, 
WO =| moose (18-5) 
t iSO 
In this case, fo = 0, and v;(y) = y. Hence, Eq. (18-2) becomes 


vd) = Lew [" ev'ry dy = t — a1 — e-*) t>0 (18-6) 


18-2-2 COMPLETE RESPONSE 


Let us now consider how to handle the case where the initial state 
is not zero; Le., suppose U,(to) = Eo and i,(¢o) = Jo. Consider first 
the two black boxes shown in Fig. 18-2a. The two capacitors are 
assumed to have identical capacitance C. However, the one on the 
left has an initial voltage vc(to) = Eo, while the one on the right 
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Fig. 18-2. Any linear capacitor 
(inductor) with an initial state 
Eo([o) can be replaced by a 
linear capacitor (inductor) with 
zero initial state in series (par- 
allel) with a voltage (current) 
source. 


thts) ly i(to)=0 


(d) 
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1 Notice that if the time 
constant 7 is positive, the 
zero-input response decays 
to zero in about five time 
constants. Therefore, after 
this initial transient time 
interval, the complete re- 
sponse reduces to the zero- 
state response, and the net- 
work is usually said to be 
in steady state. In contrast 
to this, the initial transient 
portion of the complete 
response is usually called 
the transient response. 
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has zero initial state. These two black boxes are equivalent because 
the voltages v,(¢) across terminals a-b are both given by 


SA (Sy ora = a {t ict) dt (18-7) 


Hence, if the capacitor in Fig. 18-1 has an initial state Volto) = Eo, 
we can replace it by a zero-initial-state capacitor as shown in Fig. 
18-2b. The voltage sources u;(t) and Ep can be combined into an 
equivalent voltage source v(t) = v{(t) — Eo. The zero-state re- 
sponse given by Eq. (18-2) can be used to calculate u(t). The 
complete response is, therefore, obtained upon adding u,(t) with Eo; 
namely, 


eG) tee [levy — Boldy 1 > to (18-8) 
Tr 0) 
This equation can be simplified into the form 
1 t 
V(t) = [Ege t0)/7] + |2 et [ ev/TU;( y) ay fi 16 (18-9) 
ie 0 
Zero-input Zero-state response 
response 


An examination of Eq. (18-9) shows that the complete response 
consists of the sum of two parts. The first part can be interpreted 
as the response when the input u,(t) = 0, and hence it is called the 
zero-input response.t The second part is identical with Eq. (18-2) 
and is, therefore, the zero-state response. 

By a dual development it is clear that a linear inductor with 
an initial current Jo is equivalent to one with zero initial current 
connected in parallel with a current source as shown in Fig. 18-2c. 
Hence, if the inductor in Fig. 18-1c has a nonzero initial state, it 
can be reduced to the equivalent network shown in Fig. 18-2d. 
The complete response is, therefore, given by the following dual of 
Eq. (18-9): 


i) = [oe-t0'r] + [Lew fewni(y) | tt 


(18-10) 


Zero-input 
response 


Zero-state response 


We shall now summarize the above results in a theorem. 
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COMPLETE-RESPONSE THEOREM 


The solution of any nonautonomous first-order linear network 
corresponding to a given initial state is always given by the sum of 
the zero-input response and the zero-state response (Eq. 18-9 for 
the capacitor-loaded case and Eq. 18-10 for the inductor-loaded 
case). The zero-input response is the solution due only to the 
initial condition (i.e., with all independent sources set equal to 
zero). The zero-state response is the solution with zero initial 
condition. 


18-2-3. VERY LARGE AND VERY SMALL TIME-CONSTANT NETWORKS 


There are many practical circuits wherein the time constant 7 
is either very large or very small. In such cases it is sometimes 
more instructive to obtain the solution in an alternate form. 

Consider first the capacitor network shown in Fig. 18-1b. We 
shall now show that the zero-state response of this network is 
given by 


ll Pe [eae 
v(t) = + fio) dy — =|, aK vii) D1 Aye 


Es 4 Je J, wo dy; dy2dy3 + --- + (— peat {els 2 


[Poy bi da et + > to (18-11) 


To prove that Eq. (18-11) is indeed the zero-state response, we first 
observe that v,(to) = 0, and hence the initial state is zero. Next, let 
us differentiate both sides of Eq. (18-11) with respect to the varia- 
ble ¢. 


WW, t 1 I i I Ae 1 
lt) =v) — 5 f vi(y1) Ba + =) i vi(y1) W1 dye 


LE fica ft OG a5. M7 ae 
Nee & (— Nee is . i v;( 1) dy, dy Wr-1 + 
(18-12) 


If we substitute Eqs. (18-11) and (18-12) into Eq. (18-1), we find 
that all terms in the left-hand side cancel out with the terms on the 
right-hand side. This establishes the proof. 
Since the zero-state response given by Eq. (18-11) contains an 
infinite number of terms, it is difficult to show that the series gives 
exactly the same solution as Eq. (18-2). At first sight, Eq. (18-11) 
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1 A more expensive type of 
integrator using opera- 
tional amplifiers was given 
earlier in Fig. 3-23. 
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might appear to be a circuitous if not impractical form of solution. 
This is true except when the time constant 7 is very large. Observe 
that since the coefficient in the kth term of the series is given 
by 1/t#, itis clear thatif7 > 1, then | /tk = 0. Hence, if we rewrite 
Eq. (18-11) into the form 


v(t) = 1 ii ‘ vi(y) dy + e(2) (18-13) 
where 


aS Die (e: Mais da “ 
= VOD JJ, J, On bbe de (18-14) 


then if t > 1, we have 


v4) => fv) ay (18-15) 
and 
«(t) = 0 (18-16) 


Equation (18-15) shows that the output voltage is proportional to 
the time integral of the input voltage. The circuit shown in Fig. 
18-15 can, therefore, be used as a voltage integrator, provided 
the time constant is made very large.1 An inspection of Eq. (18-15) 
shows that the output voltage will become very small if 7 is made 
very large. Hence, in practice a compromise must be made, and 
the first few terms in Eq. (18-14) will give a very accurate measure 
of the error or departure from an ideal integrator. Observe that if 
vi(t) does not change sign as ¢ increases, then the error e(Z) given by 
Eq. (18-14) also increases with time. This means that the simple 
integrator circuit shown in Fig. 18-1b will perform satisfactorily 
only during a finite interval of time. 

Consider next the circuit shown in Fig. 18-3a. It can be 
proved by the same method of substitution as before that the zero- 
state response in this case is given by 


db; d2v; d3v; dky; 
“= aa: i 3 AES Se oh \Veriek <i ae 
plane eee 
tis) 
If we rewrite this in the form 
dv; 
vi) = 4 = + €(t) (18-18) 
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C + i) 
v; (t) Rev, (t) i-(t) u,(t) 
(a) (d) 
where 
«(t) = —7? a 3 a Saag (ae pete St ead 20 


(18-19) 


then it is clear that as tr +0, «€(t) > 0. Hence, for a very small 
time constant Tt we can write 


dv; 
v(t) = 1 (18-20) 
and 
et) = 0 (18-21) 


Equation (18-20) shows that the circuit in Fig. 18-3a can be used 
as a voltage differentiator, provided the time constant is made 
very small.t Similarly, the dual circuit shown in Fig. 18-35 can be 
used as a current differentiator. 


Exercise 1: Prove that the zero-state response of any nonautonomous first-order 
inductor-loaded linear network is given by 


it) = i e(t/7) i evi y) dy 
T to 


where t = L/R. 

Exercise 2: Find the zero-state response v,(z) of the network in Fig. 18-14 corre- 
sponding to 

t< -2 


Oe TE 3a Ra se 


Exercise 3: Repeat Exercise 2 for 


6) £<0 


it) = 
= ba 1>0 


Exercise 4: Find the complete response of a capacitor-loaded network with 
R = C = 1; v(t) = 0, t < 0, v(t) = t, t > 0; and v,(0) = 10. 
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Fig. 18-3. Two simple differ- 
entiator circuits with very small 
time constants. 


1A more expensive type of 
differentiator using opera- 
tional amplifiers was given 
earlier in Fig, 3-22. 
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Exercise 5: Find the complete response of an inductor-loaded network with 
R=1kQ, L = 2 mH; id) = 0, t < 0, i,() = 2 ma, t > O, and iO) = 5 ma. 


Exercise 6: Explain why the name transient response is misleading when the time 
constant is negative. 


Exercise 7: Show how the circuit in Fig. 18-1c can be designed to function as a 
current integrator. 


Exercise 8: Verify that Eq. (18-17) is indeed the zero-state response of the net- 
work shown in Fig. 18-3a. 


Exercise 9: Discuss the effect of the time constant on the practical design of a 
differentiator using the circuits shown in Fig. 18-3. 


Exercise 10: Replace the capacitor in Fig. 18-15 by an inductor and show that 
the zero-state response v,(t) across the inductor is given by Eq. (18-17). Discuss 
how a voltage differentiator can be designed using this circuit. 


Exercise 11: Replace the capacitor in Fig. 18-3a by an inductor and show that the 
zero-state response v,(t) across the resistor is given by Eq. (18-11). Discuss how 
a voltage integrator can be designed using this circuit. 


Exercise 12: Exhibit some illustrative examples showing that the effect of the 
integrator is to smooth out the input waveform, whereas the effect of the 
differentiator is to sharpen the input waveform. 


18-3. NONAUTONOMOUS FIRST-ORDER 
PIECEWISE-LINEAR NETWORK ANALYSIS 


The complete response derived in the preceding section (Eqs. 18-9 
and 18-10) can be combined with the iterative piecewise-linear 
method developed in Chap. 12 to analyze any nonautonomous 
first-order network, provided the resistive subnetwork is in the 
canonic form (see Sec. 12-1). The method is based on the observa- 
tion that if the ac independent sources are represented by continu- 
ous time functions, then during each appropriately chosen time 
interval (¢;,t;,1), the operating point of each nonlinear resistor will 
remain on the same segment. Hence, during each time interval 
(j,t;,1), the network is linear and may be reduced into the equiva- 
lent form shown in Fig. 18-1b or c. It must be emphasized, how- 
ever, that the values of R and v,(¢) in Fig. 18-1b and the values of 
R and i,(t) in Fig. 18-le are generally different over different time 
intervals. Once the pertinent values of R, v,(¢), and i,(¢) are 
assigned, the solution corresponding to a given initial condition 
can be found simply by using Eq. 18-9 for the capacitor-loaded 
case and Eq. 18-10 for the inductor-loaded case. The fundamental 
problem that we must solve, therefore, consists of finding out how 
to subdivide the time axis into appropriate intervals (¢;,t;,1). We 
shall develop this technique for two typical cases. The extension to 
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the general case will become obvious. In order to avoid unneces- 
sary complexities which do not affect the validity of the method, 
we shall state the following standing assumption: 


UNIQUENESS HYPOTHESIS 


All networks considered in this section are assumed to possess 
unique solutions at all times. 


18-3-1 ONE NONLINEAR RESISTOR CASE 


The simplest type of a piecewise-linear network consists of a non- 
linear resistor in series or in parallel with a linear ac-resistive sub- 
network N as shown in Fig. 18-4a and 5, respectively. As usual, 
N may contain any number of linear elements, ac independent 
sources, and controlled sources. In any case we can replace 
the network N by its Thévenin equivalent circuit and the non- 
linear resistor by its iterative Thévenin equivalent as shown 
in Fig. 18-4c. The dual case corresponding to Fig. 18-45 is shown 
in Fig. 18-4d. 

It suffices to consider the capacitor-loaded case. Let us assume 
that the nonlinear resistor R; is characterized by n piecewise- 
linear segments. Moreover, in view of the uniqueness hypothesis, 
the v1-i1 curve must be voltage-controlled. This means that the volt- 
age intervals of definition (,£7,,E{) of each segment k do not 


Linear 
ac - resistive 
subnetwork 


Linear 
ac - resistive 
subnetwork 
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Fig. 18-4. Two equivalent iter- 
ative piecewise-linear networks 
containing one nonlinear resis- 
tor. 


(d) 
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overlap. Since the variables for deciding which segment is operat- 
ing at a particular time fo are the input voltage v;(¢o) and the out- 
put voltage u,(fo) at f = fo, let us derive a relationship for v1 
in terms of v; and v,. This is easily found to be 


SE (este) S eramery pai ees — E 18-22 
n= (GL )u+ Qu —)a+ Reo ( ) 


Observe that this equation is of the general form? 


01 = ravi) + rH12(00) + 7K (18-23) 
where 441 = —411/(R + x11), eA12 = wi /(R + x11), and .ky = 
R/(R + «f1)x£1. In order for the network to operate on segment 
k, which has an interval of definition 

REZ <1 < pEG (18-24) 
let us substitute Eq. (18-22) in place of vy in Eq. (18-24) and 
simplify to obtain 


— ht oi (+ kl1 ) - R ) 
ee aU le ee Ey E. 18-25 
(canes R+ kh Sk Rea kK*1 ( ) 


—xr1 ( KA ) aye R ) 
pe | eS ES E 18-26 
7 ea a Ran a ( ) 


These two inequalities can be interpreted as the region bounded 
between two unity-slope straight lines as shown in Fig. 18-5a. The 
voltage intercepts ,£$ and ,£> corresponding to segment k are 
given, respectively, by 


Gee (R + xi)eE{ — ROGE1) 


18-27 
Kt ( ) 
von (RtaRts peace ae 
1 The reader should recog- Ex (R + wi)eEy — RG@E1) i 
nize that this linear eo ey KA (18 28) 


is the two-dimensional ex- 
‘ i ee’ Ras ee We shall call each of these two boundary lines a switching line. Cor- 
leftmost segment and responding to each segment k of the v1-i; curve, two switching lines 
nE{ = co for the right- are obtained by simply using Eqs. (18-27) and (18-28).? In all 
Pane eer ae Weenie cases the switching lines are parallel to each other and have unity 
at infinity and need not slopes. Hence, it is a trivial matter to subdivide the v;-v, plane into 


be drawn. n parallel strips corresponding to the n segments of the v,-i, curve. 
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(a) 


Fig. 18-5. Switching plane de- 
ee : é fining the linear regions for 
We shall call the subdivided plane the switching plane. An example — which the nonlinear resistor is 


of a switching plane corresponding to a five-segment voltage- operating at a given segment. 
controlled v,-i, curve is shown in Fig. 18-5. 
Once the switching plane is obtained, it is a simple matter to 
find the complete response corresponding to any given initial state 
U(to) and any input voltage v,(7). The steps are as follows: 


1. Locate the initial point Po with coordinates (v;(f0),vo(fo)) on 
the switching plane. This immediately locates the pertinent 
initial segment. For example, corresponding to the point Po in 
Fig. 18-55, the network, we know, is operating initially on seg- 
ment 4. 


2. Assign the numerical values for ,£; and 471 in Fig. 18-4c corre- 
sponding to the pertinent operating segment obtained from 


step 1. 


3. Reduce the network into the equivalent form shown in Fig. 
18-15 and obtain the complete response v,(¢) [with initial state 
Vo(to)] by using Eq. (18-9). 


4. Draw the locus of (v;(2),v,(t)) on the switching plane until it in- Ligenionieacane tonite 


tersects a switching line at some point P1.f preted as a Lissajous figure 
: : and is analogous to the 
5. Identify the time parameter #4 at P; and let Py be the new trajectory eae: phase 


initial point with initial state v,(71). plane. 
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1 [In contrast with this the re- 
sistive subnetwork shown 
in Fig. 18-4a and b may 
contain any number of ac 
independent sources but 
only one nonlinear resis- 
tor. More than one ac in- 
dependent source is al- 
lowed there because these 
sources are all contained 
within a linear resistive 
subnetwork and hence can 
be reduced to a single 
equivalent source. 
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6. Replace the parameter values for ,£; and 1 by the pertinent 
segment for ¢ > ft, (segment 3 in the example in Fig. 18-55) and 
repeat steps 3 to 5. 


7. The above procedure is iterated as many times as necessary 
until the complete response is found for all times t > 4p. 


The above procedure is quite easy to implement in practice. 
Moreover, observe that the switching plane is independent of the 
input voltage u;(¢) as well as of the capacitor voltage v,(¢). Hence, 
once the switching plane for a given network is obtained, we can 
easily find the complete response corresponding to any input sig- 
nals v,(¢) and any initial state v,(¢o). 


18-3-2  M NONLINEAR RESISTOR CASE 


Consider next the case where the resistive subnetwork contains m 
nonlinear resistors but only one ac independent source as shown 
in Fig. 18-6a.1 The corresponding iterative linear network is 
shown in Fig. 18-6). Observe that at any time ¢, the pertinent op- 
erating segment of each nonlinear resistor depends only on the in- 
put voltage v,(f) and the output voltage v,(7). Clearly, the concept 
of the switching plane is still applicable here, and the same pro- 
cedure in the preceding section can be used to find the complete 
response, provided the switching plane can be found. 

The procedure for drawing the switching plane is similar to 
the case considered above, only this time it must be applied 
to each of the m nonlinear resistors. In other words, we must de- 
rive a relationship for each voltage v; of R; in terms of v; and vp. 
Since the iterative network in Fig. 18-6 is linear, these relation- 
ships will be of the same form as Eq. (18-23); thus 


Uy = Ky1(0;) + p12(Vo) + KK1 


Ve = ¢Ho1(Vi) + cH 22(Uo) + ~Ke (18-29) 


Um = kD mni(Vi) ar kLTm2(Vo) PF Rhy 


where the subscript k now stands for a particular segment com- 
bination, namely, k; for Ri, ke for Ro, ..., km for Rm. If we de- 
note the interval of definition for each segment k; of the v,-i; 
curve by 


KEG << Vj < oe (18-30) 
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Fig. 18-6. The crucial step for 
, c ; 4 6s obtaining the complete re- 
then each equation in Eq. (18-29) becomes a pair of inequalities sponse of a first-order network 


similar to Eqs. (18-25) and (18-26); namely, pa ey eRe 
one ac independent source 


consists of finding the switch- 


KHj1(vi) + rHTj2(Vo) < KET — “Kj; (18-31) __ ing plane of the network. 
wHTjx(vi) + 1Hj2o) > KEG — KK; (18-32) 
where j = 1, 2,..., m. As usual, each pair of inequalities can be 


interpreted geometrically as the area between two parallel straight 
lines as shown in Fig. 18-6c. Since there are m such strips corre- 
sponding to m nonlinear resistors that must be satisfied simultane- 
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1It is obvious from an in- 
spection of Fig. 18-6d that 
the cell must always as- 
sume the form of a poly- 
gon, one of whose sides 
may be at infinity (corre- 
sponding to leftmost or 
rightmost segments). 
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ously, the area common to all m strips, henceforth called a cell, 
defines the operating region corresponding to the particular seg- 
ment combination k (k1,k2, . . . km). An example of a typical cell 
representing two nonlinear resistors (segment 1 of Ri and seg- 
ment k» of Rz) is shown in Fig. 18-6d.1 Just as in the determina- 
tion of DP plots and TC plots in Secs. 12-3 and 12-4, it usually 
occurs that some segment combinations do not lead to a common 
area; in such cases, the corresponding cell does not exist. In gen- 
eral, it is also possible for two or more cells to overlap. However, in 
view of the uniqueness hypothesis, no overlapping may occur, and 
one can be sure that the switching plane is filled up with nonover- 
lapping cells. A typical example of a switching plane with six cells 
is shown in Fig. 18-6e. 

The above principles can be generalized to include any num- 
ber n of ac independent sources. The “cell” k (k1,k2, . . . Am) cor- 
responding to Eqs. (18-31) and (18-32) is now defined by 


[eji(1) + rHjo(v2) + +++ + rHin(n)] + rAin+1(Vo) << KEF — Kj 


(18-33) 
[eHj1(v1) + rHj2v2) + +++ + %Hin(On)] + rAjnti(Vo) > EF — KK; 
(18-34) 
where j = 1, 2,..., m. Each cell is now represented by a poly- 


hedron in an (n + 1)-dimensional space. Hence, instead of a 
switching plane we now have a switching space, and the simplicity 
of our earlier geometric approach is no longer applicable. It is 
clear that a computer will be needed to obtain the complete re- 
sponse in this general case. 


Exercise 1: Derive the general expression for the complete response v,(f) of the 
iterative linear network shown in Fig. 18-4c in terms of the parameters R, ;,£1, 
x1, and the initial state v,(t;). HINT: Use Eq. (18-9). 


Exercise 2: Derive the general expression for the complete response i,(/) of the 
iterative linear network shown in Fig. 18-4d in terms of the parameters R, xJ41, 
ri, and the initial state 7,(t;). 


Exercise 3: Derive the equations for drawing the switching plane of the inductor- 
loaded network shown in Fig. 18-4d. 


Exercise 4: Derive the equations for drawing the switching plane of an inductor- 
loaded network containing m nonlinear resistors and one ac independent current 
source, 
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18-4 THE CONSTANT-SLOPE NETWORK APPROACH 


We shall now develop a very general and powerful graphical tech- 
nique for obtaining the complete response of any nonautonomous 
first-order network. The network may contain any number of non- 
linear resistors, ac independent sources, and controlled sources. 
The energy-storage element is allowed to be nonlinear. Moreover, 
the characteristic curves need not be represented in piecewise- 
linear form. The only assumption we impose is that the network 
has a unique solution for all times and for any initial states. Under 
this assumption, the normal-form equation is single-valued and is 
given by 


& = fet) (18-35) 


Any solution x = X(‘) of Eq. (18-35) corresponding to an 
initial state x(fo) = Xo is a curve in the ¢-x plane which starts at 
the point (¢9,xo) and which satisfies Eq. (18-35) for all times ¢ > fo. 
This means that at any time ¢ = 4;, the slope m(4,) of this solution 
curve must be given precisely by 


m= = fess) (18-36) 


as shown in Fig. 18-7a. Since Eq. (18-35) defines uniquely the 
slope at any point on the ¢-x plane which a solution curve passing 
through this point must possess, it is clear that if we compute the 
slope of a sufficient number of points near the solution curve and 
denote each slope by a short segment, called a director, we obtain 
the system of directors shown in Fig. 18-7b. Observe that if 
we draw a smooth curve starting at Pp so that it is tangent at each 
time ¢; to the director at the corresponding point, we obtain the 
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Fig. 18-7. The solution curve 
(complete response) corre- 
sponding to any initial state Po 
can be obtained by passing a 
smooth curve through Po and 
tangent to the system of direc- 
tors. 
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1This brute force method 
can be easily implemented 
on a computer in conjunc- 
tion with a mechanical 
plotter such as the Cal- 
comp plotter. 
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original solution x = X(¢) in Fig. 18-7a. In view of this observa- 
tion, it is clear that if we fill up the entire ¢-x plane with a 
sufficient number of directors, then the solution waveform corre- 
sponding to any initial state can be trivially sketched. In other 
words, instead of finding only one complete response (solution 
curve) at a time, we obtain an entire picture of all possible solu- 
tion curves in one shot. For convenience, we shall refer to the sys- 
tem of directors plotted in accordance with Eq. (18-35) as the 
vector field associated with Eq. (18-35). Since the elements in a 
vector field are vectors, each director must be interpreted as a 
vector pointing towards the direction of increasing time, namely, 
from left to right. 


18-4-1 METHODS FOR DRAWING THE VECTOR FIELD 


Conceptually, the simplest method for drawing the vector field is 
to draw a system of horizontal and vertical lines, thereby forming 
a grid. The slope at each intersection point is then calculated from 
Eq. (18-35) and the director drawn. We shall call this the brute force 
method. 

A more efficient method for drawing the vector field consists 
of finding the locus of all points on the f-x plane which have 
identical slopes. This locus is easily obtained by plotting 


f(%t) =m (18-37) 


where m is the desired slope. Equation (18-37) represents a curve 
in the t-x plane and is called a constant-slope curve. Correspond- 
ing to each constant-slope curve I'(m) of slope m, a system of 
directors with slope m along I'(m) can immediately be drawn. 
Hence, by assigning a set of convenient values for m, we can plot 
the corresponding constant-slope curves, and the vector field can 
be more systematically obtained. Let us illustrate this procedure 
by an example. 


EXAMPLE 


Consider the R-C network shown in Fig. 18-1 with R = 1 Q and 
C = 1 F. Let us find the complete response due to the unit-ramp 
function defined earlier by Eq. (18-5). The normal-form equation 
is obtained by substituting r = RC = 1 and v,(t) = ¢ in Eq. (18-1). 
Avo 


= = = +t re (18-38) 
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The constant-slope curve defined by Eq. (18-37) becomes 


fo) = —U+t=m 
or 


eet asm (18-39) 


Corresponding to each value m, Eq. (18-39) represents a unit- 
slope straight line in the f-v, plane. The vector field corresponding 
to this network is, therefore, easily drawn as shown in Fig. 18-8. 
From this vector field we can sketch the complete response corre- 
sponding to any initial state v,(to). For example, corresponding to 
the initial state P(0,0), the solution curve 1 shown in Fig. 18-8 is 
obtained. Observe that if Eq. (18-38) is defined also for ¢ < 0 (cor- 
responding to a different input time function), the vector field in 
Fig. 18-8 remains unchanged. Hence, corresponding to the initial 
states P2(—0.2,0.6) and P3(—0.6, —0.2), the solution curves 2 and 3 
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Fig. 18-8. The vector field as 
obtained by the constant-slope 
curves and the associated com- 
plete responses. 


wi en 0169 Solution curve 2 


yas ‘a Ri WA Z J Solution curve 3 


Solution curve 1 
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as shown in Fig. 18-8 are obtained. It is interesting to observe that 
for this particular vector field, the slope of the directors along the 
m = 1 constant-slope curve v, = t — 1 is also equal to 1, and 
hence all m = 1 directors must lie along the line v, = ¢ — 1. This 
means that no solution curve can cross the m = | constant-slope 
curve, for as soon as any solution curve intersects this line, it must 
follow the line from then on. If the solution curve is smooth, 
which is the case here, it will not intersect this line abruptly, and 
hence we conclude that the complete response of this network cor- 
responding to any initial state is asymptotic to the line v, = ¢ — 1. 
Such an asymptote is often called a separatrix because it separates 
the solution curves with initial states on each side of the asymptote. 

The above observation is one example of the qualitative in- 
formation which is often much more useful to engineers than the 
finding of one solution curve. In addition to the qualitative infor- 
mation that the present approach can provide, observe also that 
once the vector field is obtained as in Fig. 18-8, it is a trivial 
matter to sketch the solution curve corresponding to any initial 
State U,(to), including the zero-state response which corresponds to 
Uo(to) = 0. The zero-state response for this network had been ob- 
tained earlier analytically as a function of the time constant 7 
(Eq. 18-6). Hence, as a check the zero-state response correspond- 
ing to T = | is given by 


Oya a aye a0 


The graph of this waveform is easily seen to be identical with the 
solution curve | in Fig. 18-8, as it should. 


In order to apply the constant-slope method, it is necessary to 
derive first the normal-form equation before we can obtain Eq. 
(18-37) for plotting the constant-slope curves. No difficulty was 
encountered in the above example because the network was linear. 
Unfortunately, as we have indicated many times in the past, it is 
often difficult, if not impractical, to obtain the normal-form equa- 
tion of a nonlinear network in analytic form. Hence, in order for 
this powerful method to be of much practical value, we must find 
an easier method for drawing the constant-slope curves without 
having to derive the normal-form equation first. The key to this 
method lies in the definition of a constant-slope network. 
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18-4-2. THE CONCEPT OF CONSTANT-SLOPE NETWORKS 


Consider the first-order capacitor-loaded network shown in Fig. 
18-9a. For simplicity let us assume that the nonlinear capacitor is 
characterized by a voltage-controlled v-q curve.1 The equation 
of motion relating the terminal variables is given by 


i dq _ dq de 
‘onan’ igeaaar? trae 
or 
Bo _ _to (18-40) 
dt C(Uc) 
where 
C(ve) = Ho) (18-41) 
Vo 


is the incremental capacitance, which is a single-valued function of 
vc because the capacitor is assumed to be voltage-controlled. In 
view of the uniqueness hypothesis, the normal-form equation 
of this network can be written in the form of Eq. (18-35).? 


— = f(vc,t) (18-42) 
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Fig. 18-9. A nonlinear (linear) 
capacitor-loaded __ first-order 
network and its associated 
constant-slope network. 


1A similar procedure can 
be developed if the capac- 
itor is charge-controlled. 
See Prob. 18-3. 


2 Observe that in order for 
Ff (vc,t) to be a single-valued 
function, it is necessary 
that the DP plot of the re- 
sistive subnetwork N in 
Fig. 18-9a be voltage-con- 
trolled for all time ¢. 
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1 Observe that both ig and 
Ve are functions of time. 


2Since corresponding to 
each value m, a different 
Uc-ic curve must be used, 
we have chosen the sym- 
bol R(m) to denote its 
associated slope m. Simi- 
larly, we shall denote the 
corresponding voltage v¢(t) 
by v¢(t,m). 
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Since both Eqs. (18-40) and (18-42) refer to the same network, we 
must have 


fvet) = =e (18-43) 


C(vo) 


The constant-slope curve defined by Eq. (18-37) is obtained by 
equating Eq. (18-43) to m and plotting the locus of all points 
on the t-vc plane which satisfy this relationship;! namely, 


Lit t% i 
Giohe m (18-44) 


If we rewrite Eq. (18-44) into the form 
ig = MC(Uc) (18-45) 


we can interpret this relationship to be a vc-ic curve of a nonlinear 
resistor. Hence, the constraint that must be satisfied by the con- 
stant-slope curve can be “simulated” by connecting a nonlinear 
resistor R(m) with the vc-ic curve defined by Eq. (18-45) in place 
of the capacitor as shown in Fig. 18-9b.? We shall call the resulting 
resistive network in Fig. 18-95 the constant-slope network. Since any 
point on the constant-slope curve must satisfy Eq. (18-44), and 
since the constraint imposed by Eq. (18-44) is equivalent to that 
of replacing the nonlinear network by its associated constant-slope 
network, it follows that the solution waveform vc(t,m) across R(m) 
is the constant-slope curve corresponding to slope m. 

Since the constant-slope network is a resistive network, the 
solution u¢(t,m) can be obtained by the methods developed in 
Part 2 of this book or by numerical techniques. The important 
point to realize is that we have transformed a dynamic network 
problem into a resistive network problem. The ve-ic curve of the 
nonlinear resistor R(m) is obtained by simply multiplying the in- 
cremental capacitance C(v¢) by the desired slope m. In the special, 
but rather common, case where the capacitor is linear as shown in 
Fig. 18-9c, the incremental capacitance C(vc) = C, its capacitance, 
and the vc-ic curve becomes the horizontal line ig = mC. In other 
words, the nonlinear resistor R(m) reduces to an independent dc 
current source as shown in Fig. 18-9d. The above results are 
of fundamental importance, and we shall summarize them in the 
form of a theorem. 
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CONSTANT-SLOPE CAPACITOR-LOADED NETWORK THEOREM! 


The constant-slope curve of any nonautonomous, voltage-con- 
trolled, capacitor-loaded, first-order network corresponding to any 
slope m can be determined by solving for the voltage uc(t,m) 
across the nonlinear resistor R(m) of the associated constant-slope 
network. The uc-ic curve of R(m) is given by ic = mC(uc), where 
C(vc) is the incremental capacitance of the nonlinear capacitor. If 
the capacitor is linear, with capacitance C, the nonlinear resistor 
R(m) reduces to an independent dc current source with terminal 
current ig = mC. 


By the principle of duality we obtain the corresponding con- 
stant-slope network of a current-controlled, inductor-loaded, first- 
order network as shown in Fig. 18-10. The dual theorem can now 
be stated as follows: 


CONSTANT-SLOPE INDUCTOR-LOADED NETWORK THEOREM 


The constant-slope curve of any nonautonomous, current-con- 
trolled, inductor-loaded, first-order network corresponding to any 
slope m can be determined by solving for the current i;(t,m) through 
the nonlinear resistor R(m) of the associated constant-slope net- 
work. The vz-iz curve of R(m) is given by vz = mL(iz), where L(iz) 
is the incremental inductance of the nonlinear inductor. If the in- 
ductor is linear with inductance L, the nonlinear resistor R(m) 
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Fig. 18-10. A nonlinear (linear) 
inductor-loaded first-order net- 
work and its associated con- 
stant-slope network. 


1For a discussion of some 
related results, see L. O. 
Chua, Two New Theorems 
in Nonlinear Networks, 
Midwest Symp. Circuit 
Theory, 11th, University of 
Notre Dame, South Bend, 
Ind, pp. 340-351, May 
13-14, 1968. 
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hv, (t) 
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(a) 


Fig. 18-11. A linear R-C net- 
work and its associated con- 
stant-slope network. 


1This example was con- 
sidered earlier in Sec. 
18-4-1. 
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19 


aa 


v; (t) Uo (t) Ou 


reduces to an independent dc voltage source with terminal voltage 
Xp, = mL. 


18-4-3. SOME ILLUSTRATIVE EXAMPLES 


Let us now apply the constant-slope network approach to obtain 
the complete response of some practical networks. 


EXAMPLES 


1. Consider the linear R-C network and its unit-ramp voltage 
source shown in Fig. 18-11.! Since the capacitor is linear with 
C = 1, the constant-slope network is simply obtained as shown 
in Fig. 18-11c. The constant-slope curve corresponding to slope 
mis identical with the voltage waveform uc(t,m), which in this 
trivial case is given by 


UVe(t,m) = v(t) — m1) =t—m (18-46) 


Observe that Eq. (18-46) is identical with Eq. (18-39), and 
hence the same solutions shown in Fig. 18-8 will be obtained. 


2. In order to demonstrate that the constant-slope approach is 
sometimes preferable even in the case of autonomous networks, 
let us consider the first-order, autonomous, inductor-loaded 
network shown in Fig. 18-12a. In order to compare this method 
with the piecewise-linear approach developed in Chap. 14, the 
DP plot shown in Fig. 18-125 is chosen similar to that shown in 
Fig. 14-22b (see Example 2 in Sec. 14-8-1). The constant-slope 
network for this example is shown in Fig. 18-12c. The constant- 
slope curve corresponding to each value of m is obtained by 
finding the current iz,(¢) corresponding to the terminal voltage 
vy, = m(5). Since the present network is autonomous, iz(t,m) is 
simply the negative of the operating-point current i. Based 
on this observation, we can conclude that the constant-slope 
curves of any autonomous network are always horizontal lines. 
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Fig. 18-12. An example illustrating the analysis of an autonomous first-order network by the constant- 

slope network approach. 
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1 The actual solution i,(?) is 
not to be confused with 
the constant-slope solution 
i,(t,m). While i;(t) is a 
unique physical solution, 
the solution i,(t,m) corre- 
sponding to each value m 
is a fictitious nonphysical 
solution and is generally a 
multivalued function of 
time, possibly with sep- 
arate branches. 
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Since the DP plot is not monotonic, there will be more 
than one solution iz(t,m) corresponding to a certain range 
of values of m. For ease of reference, the solutions iz(t¢,m) 
corresponding to 10 typical values of m are tabulated in Fig. 
18-12d. The constant-slope curves corresponding to some values 
of m consist of three separate branches. The vector field asso- 
ciated with these constant-slope curves (horizontal lines in this 
example) is easily constructed from the data listed in Fig. 
18-12d and is shown in Fig. 18-12e. The solution waveform 
(zero-input response) iz(t) corresponding to any initial state 
i(to) can now be trivially sketched.1 For example, the solution 
i(t) corresponding to the initial state i,(5) = —30 ma is shown 
in Fig. 18-12e. Observe that this waveform agrees with that ob- 
tained earlier in Fig. 14-26a, as it should. 

The obvious question that one raises at this point is, why 
bother with so many methods? The answer is that each method 
has some desirable features which may not be present in the 
others. For example, the constant-slope method has the obvious 
advantage that one could obtain the solution corresponding to 
any number of initial states without much additional work. In 
contrast with this, the piecewise-linear approach developed in 
Chap. 14 would require a separate analysis for each additional 
initial state. On the other hand, the constant-slope method 
suffers from the disadvantage that once an element parameter, 
such as the time constant, is changed, a new vector field must 
be obtained. In short, the constant-slope method is preferred if 
the behavior of the solution waveforms with respect to changes 
in the initial states is desired, whereas the piecewise-linear 
method is preferred if the behavior of the solution waveform 
with respect to changes in the element parameters is desired. 
Another advantage of the constant-slope method is that the DP 
plot need not be in piecewise-linear form. Since the amount of 
work required by the piecewise-linear approach increases with 
the number of segments, it is clear that the constant-slope 
method is much easier to apply in cases where the DP plot is 
highly nonlinear. 


. Consider next the class of nonautonomous networks shown in 


Fig. 18-13a where there is only one ac voltage source, and 
where the capacitor is nonlinear. This class of nonlinear net- 
works is commonly encountered in integrated circuits where the 
nonlinear capacitor usually arises because of the nonlinear 
capacitance between semiconductor junctions. The constant- 
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Fig. 18-13. An important class 
of nonautonomous first-order 
slope network is shown in Fig. 18-135, and the constant-slope —"etworks consists of a single 
: ac voltage source, a dc-resist- 
curve can be found from the solutions v¢(t,m). The most general iy. nonlinear network, and a 
method for finding v¢(t,m) is to derive the TC plot between vg nonlinear capacitor. 
and vu; corresponding to each value of m. If we denote this TC 


plot by! 
ve = T(vj,m) (18-47) 


then the solution u¢(t,m) is simply obtained by a graphical 
composition between this TC plot and the input voltage wave- 
form 0;(Z). 


4. As a final example, consider the capacitor-loaded transistor 
amplifier circuit shown in Fig. 18-14a. The corresponding con- 
stant-slope network is shown in Fig. 18-145. Ideally, we would 
like to obtain an amplified version of the input signal v;,(2). 
However, because of the nonlinearity of the transistor as well 
as the presence of the capacitor, the output waveform will not 
be a faithful reproduction. The amount of distortion, 1.e., devia- 
tion from the ideal response, has been observed experimentally 
to increase as the amplitude of the input signal increases. 
In order to obtain a good qualitative picture of the nature of 
the distortion, let us consider the three typical input waveforms 
shown in Fig. 18-14c to e. 
Notice that the network in Fig. 18-14a is a member of the 
class of networks shown in Fig. 18-13a. Hence, the systematic 
method for obtaining the solution waveforms vu¢(t,m) is to 
derive the TC plot ve = T(v;,m) of the constant-slope network 
shown in Fig. 18-145. This has been done graphically, and the 
resulting TC plots corresponding to several values of m are 
shown in Fig. 18-15. It remains to obtain a graphical com- 
position between the three given input waveforms with each of 
these TC plots to obtain the corresponding vector fields shown ; Seana bas or ot 
in Fig. 18-16a to c. The complete response corresponding ae ae ae 
to each of the three arbitrarily chosen initial states is plotted on _ branches. 
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Fig. 18-14. A capacitor-loaded 
transistor amplifier circuit. 


top of these vector fields. This example was carried out graph- 
ically for pedagogical reasons. In practice, it would be much 
easier to write a computer program, such as the Meca program 
described in Sec. 12-5-2, to construct the constant-slope curves 
directly. 


An examination of these waveforms shows that the output 
waveforms suffer from two types of distortion. First, there is the 
flattening effect due to the nonlinearities of the TC plot for large 
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positive voltages. We shall refer to this type of distortion as the 
nonlinear distortion. Second, there is a smoothing effect due to the 
presence of the linear capacitor. We shall call this the Jinear distor- 
tion. From our previous experience in Chaps. 14 and 15 we know 
that the linear distortion can be minimized by reducing the time 
constant of the network. The nonlinear distortion is harder to get 
rid of because it is inherent in the transistor characteristics. One of 
the most important problems in the design of a high-fidelity ampli- 
fier is to minimize both the nonlinear and the linear distortions. 


Exercise 1: Sketch the vector field associated with the normal-form equation 


di , 

—_=Il ha p10) 

cP =a 2 

Exercise 2: Formulate some simple rules for choosing an appropriate time scale 
for drawing the constant-slope curves so that the slope of the directors cor- 
responding to different values of m can be conveniently found. 


Exercise 3: Obtain the vector field of the network shown in Fig. 18-12a with 


Exercise 4: Using the 2NXX17B transistor curves given in Appendix D, obtain the 
TC plots shown in Fig. 18-15. 


Exercise 5: Construct the vector field shown in Fig. 18-16. 


Exercise 6: Using the TC plots shown in Fig. 18-15, find the output waveform 
corresponding to a 1-volt peak-to-peak 500-kHz sine wave and an initial state 
vc(O) = 4 volts. 
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Fig. 18-15. The TC plots v, = 
T(v;,m) associated with the 
constant-slope network of the 
capacitor-loaded amplifier cir- 
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18-5 SOME PRACTICAL APPLICATIONS OF NONAUTONOMOUS 
FIRST-ORDER NONLINEAR NETWORKS 


Now that we have learned a general method for analyzing any 
nonautonomous first-order nonlinear network, let us turn to the 
synthesis of some practical circuits. In line with our basic philosophy 
of not studying every individual circuit, as is often done in the 
traditional “cookbook” approach, we shall try merely to extract 
some basic concepts which have been found useful in the synthesis 
of this class of networks. 

Most nonautonomous, first-order, nonlinear networks are 
designed to transform or process an input signal v;(¢) into an out- 
put signal v,(¢) with some prescribed properties. We have already 
encountered this practical problem in Chaps. 9 and 10, and indeed 
we have shown there that any transformation property which can 
be translated into the form of a TC plot can be realized by a 
resistive nonlinear network. Hence, our concern here will be 
restricted to those specifications which require a dynamic network 
realization, such as the integrator and the differentiator. 

Most applications which call for a nonautonomous, first-order, 
nonlinear network are based on three useful properties of some 
networks containing ideal diodes,! namely, the monotonic charging 
property, the pulse-smoothing property, and the pulse-sharpening 


property. 


18-5-1 THE MONOTONIC CHARGING 
PROPERTY AND ITS APPLICATIONS 


Consider the network shown in Fig. 18-17a where the black box N 
represents an arbitrary resistive or dynamic subnetwork.? Since the 
ideal diode is in series with the capacitor, ig = ig = C dv¢/dt. But 
ig > 0 for an ideal diode; hence, we conclude that dvc/dt > 0, 
independent of the waveform v,(¢) across the black box N. This 
means that the voltage across the capacitor is a nondecreasing 
function of time. Physically, this property implies that the capacitor 
cannot discharge. In order to obtain a relationship between v;(¢) 
and u¢(t), let us observe that the ideal diode is an open circuit 
whenever vg = u,(t) — ve(t) < 0. It follows, therefore, that the 
capacitor voltage will remain unchanged (duc/dt = 0) whenever 
v(t) < ve(2). If v,(t) attains its maximum value Emax at some time 
t = tmax, it follows that v¢(t) = Emax for all times ¢ > tmax. Hence, 
the capacitor is equivalent to a battery with terminal voltage Emax 
for all times ¢ > tmax, aS shown in Fig. 18-17b. If we transpose the 
diode terminals, and if v,(¢) attains its minimum value — Enin at 
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1The choice of an ideal 
diode greatly simplifies 
matters. Since ideal diodes 
can be closely approxi- 
mated by junction diodes, 
we expect that the actual 
behavior of the network 
will not differ considerably 
from the ideal case (see 
the small-variation postu- 
late in Sec. 1-6-5). This 
approach to the synthesis 
problem is extremely use- 
ful in practice and is often 
the key for arriving at an 
initial design. Any modi- 
fication and _ refinement 
can then be added later, 
and an exact analysis 
carried out by the general 
methods developed earlier. 


2 For simplicity, N is usually 
replaced by an equivalent 
voltage source. 
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Fig. 18-17. An illustration of 
the monotonic charging prop- 
erty of a capacitor-ideal diode 
network. 
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t = tmin, then a similar argument to the one above will show that 
the network is equivalent to that shown in Fig. 18-17c for all times 
t > tmin. Let us summarize the above results as follows: 


MONOTONIC CHARGING PROPERTY 


The capacitor voltage v¢(t) of the network shown in Fig. 18-17a 
will follow the waveform v,(¢) in such a way that it never decreases 
with time. This implies that v¢(t) will assume the constant value 
vc(t;) for all times ¢ > ¢; such that v,(t) < vo(t;). Moreover, if 
t = tmax iS the time where v,(¢) attains its maximum value Emax, 
then ve(t) = Emax for all times tf > tmax, and is said to be in steady 
state. For purposes of analysis, the capacitor can be replaced by a 
battery with terminal voltage Emax during steady state, as shown 
in Fig. 18-175. 


As an application of this property, let us find the waveform 
vot) of the network in Fig. 18-17a corresponding to the input 
waveform vu,(¢) shown in Fig. 18-17d. Starting at point a, vd(t) = 
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v,(t) for all times up to point b when v;,(Z) begins to decrease. Since 
uct) cannot decrease, it must remain constant between points 
b and e. It will follow v,(¢) again between points e and f. Since u;,(f) 
attains its maximum value at point f, the capacitor has reached its 
steady state, and vo(t) = Emax from then on. The complete wave- 
form for v¢() is shown in Fig. 18-17e. 

If the diode terminals are transposed, then by a similar 
analysis we arrive at the waveform u((t) shown in Fig. 18-17/. 
Observe that in this case, the steady state occurs at tf = tmin, and 
the capacitor can be replaced by the battery with terminal voltage 
Emin aS shown in Fig. 18-17c. 

The above capacitor-battery substitution property has been 
applied in the design of many practical circuits. We shall consider 
three common applications. 


Clamping circuits A very common requirement in the design of 
electronic circuits is to change the dc level of an input periodic 
waveform v,(t) so that either the maximum or the minimum value 
of u;,(4) is fixed at some prescribed value. An examination of 
the equivalent circuits shown in Fig. 18-17 and c reveals that the 
voltage vg across the ideal diode is equal to vj; — Emax and 
vi + Emin, respectively, in steady state. Hence, if we redraw these 
networks as shown in Fig. 18-18a and 6b, we would obtain the 
sequence of waveforms shown in Fig. 18-18c and d, respectively. 
Observe that the maximum value of the output waveform u,(/) in 
Fig. 18-18c is “clamped” at ground level. In contrast with this, the 
minimum value is being clamped at ground level in Fig. 18-18d. In 
view of the above interpretations, these networks are called clamp- 
ing networks (also known as dc restorers). If it is desired to clamp 
the input waveform at other than ground level, a battery with an 
appropriate voltage and polarity can be inserted in series with the 
ideal diode. But why not just connect a battery in series with the 
voltage source, thereby removing the capacitor and diode? This is 
all right if the voltage amplitude of v;(¢) is fixed. However, if the 
amplitude changes, as it normally does in practice, then the 
battery voltage must also change in order to maintain the same 
clamping level. The clamping circuit in Fig. 18-18 does this 
automatically and may, therefore, be interpreted as a variable- 
voltage battery. 

What happens when we replace the ideal diode in Fig. 18-18 
with a junction diode? Obviously, the monotonic charging property 
is no longer valid. An exact analysis for this case can be easily 
made by using the constant-slope approach developed in Sec. 18-4. 
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Fig. 18-18. The waveforms as- 
sociated with two typical clamp- 
ing networks. 
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(a) (b) 


(c) (d) 


Filtered rectifier An examination of the waveforms in Fig. 18-18 
shows that uc(Z) is a de voltage in steady state. Here is a simple 
means for transforming a sinusoidal voltage into a dc voltage 
of the same amplitude. In other words, if we take our output volt- 
age across the capacitor, the circuit functions as a filtered rectifier. 
In practice we cannot obtain the perfect dc voltage shown in Fig. 
18-18 for two reasons. First, the ideal diode can only be approxi- 
mately realized in practice by the junction diode, and hence the 
monotonic charging property is only approximately satisfied. 
Second, the output voltage u¢(f) is invariably used to drive other 
circuits, and, hence, to be realistic, a load resistor R; must be 
connected across the capacitor, as shown in Fig. 18-19a. This 
loading effect will seriously alter the ideal filtered rectifier wave- 
form. An exact analysis of this circuit can be carried out easily by 
the constant-slope approach. A typical output waveform for 
this rectifier is shown in Fig. 18-195. 


Voltage doubler Even in the ideal case the magnitude of the dc 
voltage of a filtered rectifier cannot exceed the amplitude of the 
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say “0 


(a) 


sinusoidal input voltage. In many practical applications higher de 
voltages are often required. One simple, but rather expensive, 
method is to connect two or more filtered rectifiers in series. 
A more practical circuit can be designed by observing that the 
amplitude of v,(¢) of the clamping network in Fig. 18-18d is twice 
the magnitude of the input waveform. Hence, if we connect 
the output terminals of the clamping network in Fig. 18-185 in 
place of the voltage source in the filtered-rectifier circuit in Fig. 
18-19, we would obtain the voltage-doubler circuit shown in Fig. 
18-20. If we assume the ideal case where Ry, is an open circuit, 
then we can apply the monotonic charging property and conclude 
that the voltage v,(t) across the capacitor of the filter rectifier cir- 
cuit is a nondecreasing function of time. Moreover, in steady state 
no current flows into this capacitor, and the clamping network will 
not have any loading effect. Hence, the output voltage magnitude 
across the clamping network in steady state is equal to twice the 
input magnitude as shown in Fig. 18-18d. It follows, therefore, 
that the output voltage v,(¢) of the filtered rectifier in steady state 
is also equal to twice the input voltage. This accounts for the 
name voltage doubler. In practice, the load resistor Ry, is not 
infinite, and the junction diodes are not ideal. In this case, the net- 
work must be analyzed as a second-order nonautonomous network. 


18-5-2 THE PULSE-SMOOTHING PROPERTY 


The monotonic charging property is never exactly realized in prac- 
tice, not only because of the ideal diode, but also because the cur- 
rent drawn by the external load connected across the capacitor is 


Clamping network Filtered rectifier 
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Fig. 18-19. A filtered rectifier 
and its output waveform. 


Fig. 18-20. A practical voltage- 
doubler network can be inter- 
preted as the cascade connec- 
tion between a clamping net- 
work and a filtered rectifier. 
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(a) 


Fig. 18-21. An illustration of 
the pulse-smoothing property 
due to a finite time constant 
introduced by the load resis- 


tor R. 


1QOne should not insist on 
using a particular method 
because it is the most gen- 
eral. In fact, the price one 
pays for generality is 
usually increased com- 
plexity. There are many 
practical circuits which 
can be analyzed by simpler 
shortcuts. The only caution 
here is that one must al- 
ways precisely understand 
the restrictions and sim- 
plifying assumptions that 
are invariably associated 
with any shortcuts. 
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hy,(t) v,(t) 


(6) (c) 


never exactly zero. To investigate this loading effect, let us redraw 
the network in Fig. 18-17a as shown in Fig. 18-21a. As before, the 
black box N represents an arbitrary network, usually substituted 
by an equivalent voltage source. Since the ideal diode becomes an 
open circuit whenever u;,(t) < v,(2), the capacitor voltage will “dis- 
charge” through the resistor R with a time constant tr = RC. This 
corresponds to the zero-input response of the parallel RC net- 
work. To investigate the effect of the time constant, consider the 
single pulse waveform u,(t) shown in Fig. 18-21b. The output 
waveforms corresponding to Tt = 00, 71, T2, T3(T1 > T2 > 73) are 
shown in Fig. 18-21c. Observe that as the time constant decreases, 
the waveform deteriorates from the ideal clamping output (t = oo). 
While this deterioration is undesirable for a clamping circuit, it is 
useful for other applications where it is desirable to smooth out a 
sharp pulse. Let us consider some practical applications based on 
this pulse-smoothing property. 


Pulse stretchers In the design of many instrumentation circuits, 
it is often required to transform a voltage pulse, e.g., the output 
pulse from a monostable multivibrator, by “stretching” it to ob- 
tain an expanded pulse. By an appropriate choice of the time con- 
stant 7, the circuit shown in Fig. 18-21a will function as a pulse 
stretcher. Notice that this circuit is identical with the filtered- 
rectifier circuit shown in Fig. 18-19a. The only difference here is 
that the input voltage v,(¢) of the rectifier is usually a periodic sine 
wave, whereas the input waveform of a pulse stretcher is usually 
a single pulse. In the case of the rectifier, the time constant should 
be chosen as large as possible, whereas for the pulse stretcher the 
time constant depends on how much stretching is desired. 

An exact analysis of the filtered-rectifier or the pulse-stretcher 
circuit can be obtained by the constant-slope network method. 
However, by assuming the diode to be ideal, it is possible for us 
to obtain an approximate analysis which is sometimes more 
illuminating.' For example, if we replace the junction diode in the 
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filtered-rectifier circuit of Fig. 18-19a by an ideal diode, then we 
can immediately obtain the output waveform v,(/) as shown by the 
solid curve in Fig. 18-22 (the corresponding sinusoidal input wave- 
form is shown dotted). Comparing this approximate solution with 
the exact solution shown in Fig. 18-19b shows that they differ only 
very slightly; the slope of the exact waveform is continuous, 
whereas the slope of the approximate waveform has two discon- 
tinuities per cycle. Since this waveform is periodic for all times 
t > 7/4, it suffices to consider only one cycle of the periodic 
waveform (7/4, T + T/4). Observe that the waveform approaches 
a true dc voltage as t — oo. The departure from this ideal case is 
measured by the amount of ripple 


AE =E — E, = El — eth-1/4/7] (18-48) 


To function as a filtered rectifier, the time constant t must be 
chosen as large as possible. Under this condition we can approxi- 
mate 7; — T/4 = T, and the ripple reduces to 


AE = E(1 — e-?’) (18-49) 


The amount of ripple AE that one can tolerate depends, of course, 
on how large AE is with respect to the amplitude E. Accordingly, 
the filtered rectifier is often rated in practice by the per-unit ripple 
n = |AE/E|. If w is the frequency of the sinusoid, then T/T = 
22/w RC, and the per-unit ripple will be small if wRC > 1. Under 


Uo (t) 


|, 
E 
A f / 
—(t-t/4) \ / \ / 
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Fig. 18-22. The approximate 
output waveform of a filtered 
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1 Recall the well-known ex- 
pansion 


wale” x24! x8 


2 3! 
+x -+- 14x 
2 KE II 
2In order to accomplish 
long-distance wireless 


transmission, it is neces- 
sary to modulate a very 
high-frequency carrier by 
the signal v,(¢). The am- 
plitude modulation is one 
common form of modula- 
tion. 
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this condition, T/r < 1, and the per-unit ripple can be approxi- 
mated by? 


i T 
= tet 


This relationship is valid, of course, only if the time constant 7 is 
large compared with the period T of the input sinusoid. 


AM envelope detector The signal transmitted by an AM radio sta- 
tion is in the form of an amplitude-modulated wave? 


u(t) = [E + mE v,()] sin wet (18-50) 


where v,(t) is the message- or information-bearing signal that 
is being transmitted. The term sin w,f represents a very high- 
frequency sinusoid, where w, is called the carrier frequency. The 
parameter m is a number less than unity and is called the modula- 
tion index. Since Eq. (18-50) is the signal that is being received, an 
essential task of any AM radio is to recover the information- 
bearing signal v,(¢). Any circuit for accomplishing this task is 
called an AM demodulator or detector. We shall now show that, 
through an appropriate choice of time constants, the pulse- 
stretcher circuit shown in Fig. 18-21a can be designed to function 
as a demodulator. 

To be specific, let us suppose that the information-bearing 
signal consists of a cosine waveform 


UA1) =-E cos @,t (18-51) 
where ws < w,. The AM signal is, therefore, given by 
v(t) = ECL + Mos asf) Sin wet (18-52) 


as shown in Fig. 18-23a. Observe that the signal v,(t) that we want 
to recover in this case forms the envelope (shown dotted) of this 
waveform. Accordingly, the detector circuit for reproducing the 
information-bearing signal is called an envelope detector. Our 
strategy will be to recover first the envelope waveform. The desired 
signal differs only by a dc level and can be easily obtained by us- 
ing the clamping network developed earlier. 

One method for recovering the envelope of the AM wave- 
form in Fig. 18-23a consists of stretching the positive peaks of this 
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signal by the pulse-stretcher circuit shown in Fig. 18-21a. How- 
ever, in order to obtain as good an approximation as possible, the 
time constant r = RC must be carefully chosen. If the time con- 
stant is too small, the output waveform will contain too much 
ripple as shown in Fig. 18-23b. On the other hand, if the time 
constant is too large, the output waveform will be too slow to pick 
up the essential features of the envelope as depicted by the wave- 
form shown in Fig. 18-23c. Obviously, a compromise must be 


Av; (t) 
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Fig. 18-23. An amplitude- 
modulated signal and the out- 
put waveforms of an envelope 
detector due to too small or 
too large a time constant. 
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Fig. 18-24. A blown-up sec- 
tion of the amplitude modu- 
lated waveform showing por- 
tions of the desired envelope 
and the exponential discharge 
curve of the pulse stretcher 
output waveform. 
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Tangent to envelope curve at t; 


Envelope waveform 
Veny (t) = E(1+m cos w,t) 


Exponential discharge curve / 
—(t-t.)/r 
Vexp (t) = Veny (t;) e a 


— 


Tangent to 
exponential 
discharge 
curve at c 


chosen in order to avoid the ripple distortion and the envelope dis- 
tortion due to too small and too large a time constant. In order to 
obtain some design criteria, let us consider a blown-up section of 
this AM waveform as shown in Fig. 18-24. Clearly, to prevent 
envelope distortion, the tangent to the exponential discharge 
curve at the peak point of each pulse of the AM waveform must 
be steeper than the tangent line through the same point of the 
envelope. If we let t; be the time of occurrence of each peak, then 
the slope of the envelope at ¢; is given by 


Wenv(t) 


d 
= —[E ea Oe : 
ae Wee ai (1 + mcos w;f)] Emig si. wash; 


t=t; 


(18-53) 


Similarly, the slope of the exponential discharge curve is given by 


Bexp(t) ead: Jer(t-tj)/r 
dt t=t; % dt [Penv(ie t=t; 
2 —Veny(t;) 2 ie E(1 + m cos wet;) (18-54) 
Tr T 
To avoid envelope distortion, we require 
Deorlt Genwtt 


dt t=t; dt t= 
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Substituting Egs. (18-53) and (18-54) into Eq. (18-55), and simplify- 
ing, we obtain 


1 + mlcos wst; — (WsT) sin wst;] > 0 (18-56) 


This equation can be written in the form 


COS Wel; 


l 
1+mvy/1+ og? | __ 
os) V1 + (wst)? 
WsT 


aco wu | $0 (18-57) 


If we define tan 6 = wst/1, then Eq. (18-57) can be written as 


1+ my/T + (wr)? [cos (wet; + 9] > 0 (18-58) 


Equation (18-58) can be satisfied for all ¢; if, and only if, 


myv/1 + (wsT)? < 1 (18-59) 


Solving for + from Eq. (18-59), we obtain the desired upper bound 


Peg ils TE (18-60) 


This relationship can be used as a design criterion for choosing 
the appropriate value of the time constant tT = RC. Among other 
things, Eq. (18-60) shows that it is impossible to avoid envelope 
distortion if the index of modulation m is greater than unity. 


18-5-3. THE PULSE-SHARPENING PROPERTY 


Instead of smoothing a pulse, there are many applications which 
call for the opposite operation, namely, sharpening a pulse. We 
have already indicated in Sec. 18-2 that, whereas an integrator cir- 
cuit has the pulse-smoothing property, a differentiator circuit has 
the pulse-sharpening property. In order to obtain better insight into 
the sharpening mechanism, consider the voltage pulse shown in 
Fig. 18-25a and its time derivative in Fig. 18-25b. Observe that the 
heights of the positive and negative pulses in Fig. 18-255 are given 
by E/AT and —E/AT, respectively. Hence, as AT — 0, the pulse 
height tends to oo as depicted by the symbols shown in Fig. 
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Fig. 18:25. Demonstration of — 18-25c.1 In practice, AT is never zero, and hence the height of the 
the sharpening property of a 


pulse-sharpening circuit. differentiated pulse can be made very large but never infinite. 

The above pulse-sharpening property is often used in practice 
for obtaining very sharp and narrow pulses. This is achieved by 
clipping off the negative pulse shown in Fig. 18-25b. A simple cir- 
cuit for accomplishing this task consists of connecting a junction 
diode across an RC differentiator as shown in Fig. 18-25d.2 The 
input signal v;(7) is usually chosen to be a short, smooth pulse as 
shown in Fig. 18-25e. The approximate output voltage v,(7) corre- 
sponding to an ideal diode can be easily obtained by differentiat- 
ing v,(t) and is shown in Fig. 18-25f: The actual waveform will dif- 

: tae ae tee fer slightly because the differentiator is not exact (t = 0), and the 
ee meee oi: piles diode is not ideal. If necessary, the exact waveform can always be 


is equal to E, independent obtained by the constant-slope network approach. 
of AT. Such a pulse is 


Il j Ise. ; : : 
pale are Exercise 1: State the monotonic charging property for the case where the diode 


2 is i : 
In this case the time con- terminals are transposed. 


stant RC should be made 
as small as possible. Exercise 2: Add an appropriate battery to the clamping circuits shown in 
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Fig. 18-18a and b so that the output waveforms will be clamped at v, = 2 volts 
and vo = —6 volts, respectively. Draw all pertinent waveforms corresponding to 
the 10-volt sinusoid shown in Fig. 18-18. 


Exercise 3: Repeat Exercise 2 but with the clamping level set at v, = —2 volts 
and v, = 4 volts, respectively. 


Exercise 4: With C = 10 uF and with the ideal diode replaced by a type 1NXX2 
junction diode, find the exact output voltage v,(/) for the clamping networks 
shown in Fig. 18-18. Compare the discrepancy with the ideal case. 


Exercise 5: The ripple of a filtered rectifier can be reduced by applying the pulse- 
stretching property to the full-wave rectifier circuit shown in Fig. 7-8a. Sketch 
the output waveform of a filtered full-wave rectifier and show that the ripple fre- 
quency is equal to twice the frequency of the input sinusoid. 


Exercise 6: Show that the upper bound for the time constant of an AM envelope 
detector corresponding to the information-bearing signal v,(t) = E sin west is also 
given by Eq. 18-60. 


18-6 SUMMARY 


The complete response (solution waveform) of any linear non- 
autonomous network is always equal to the sum of a zero-input 
response and a zero-state response. The zero-input response is the 
solution due only to the initial condition on the energy-storage 
element (with all sources set equal to zero). The zero-state re- 
sponse is the solution due only to the independent sources (with 
zero initial condition). This additivity property is called the prin- 
ciple of superposition, and is valid only if the network is linear. 

A piecewise-linear network can be analyzed by deriving first 
the switching plane or the switching space by the iterative piece- 
wise-linear method. Once the switching plane or the switching 
space is found, the network can be analyzed as a linear non- 
autonomous network. 


Constant-slope network approach _ This is the most general method 
available for finding the complete response of any nonautonomous, 
first-order, nonlinear network. The method consists of obtaining 
the constant-slope curves by solving for a series of voltage or cur- 
rent waveforms of a resistive constant-slope network. 

Practical nonautonomous, first-order networks are designed 
primarily to transform an input waveform into an output wave- 
form with some desirable properties. They are based mostly on 
three properties: 


1. The monotonic charging property (examples: clamping network, 
filtered rectifier, voltage doubler) 
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Fig. P18-1. 


Fig. P18-2. 
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2. The pulse-smoothing property (examples: pulse stretcher, AM 


envelope detector) 


3. The pulse-sharpening property (example: sharp, narrow-pulse 


generator) 


PROBLEMS 


18-1 The constant-slope network approach can be generalized to obtain 


the solution of autonomous, first-order networks having a multi- 
valued normal-form equation 


gee 
Fe ee, 


where f(x) is a multivalued function of x. In this case, certain 

points on the ¢-x plane will have more than one director. The 

pertinent director that applies at a particular point can be decided 

easily by the inertia postulate. 

(a) Sketch the vector field associated with the network shown in 
Fig. P18-1. 

(b) Sketch the solution waveform vu¢(t) corresponding to the initial 
state vo(0) = 0 volt. 


v, volts 
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) 2 40 60 
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18-2 Repeat Prob. 18-1 for the network shown in Fig. P18-2. 


hi Ma 
80 
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18-3. Consider the nonautonomous, first-order, nonlinear network shown 
in Fig. P18-3a. If the capacitor is charge-controlled, then the nor- 
mal-form equation is given by 


A = fq) 


where the state variable q denotes the capacitor charge. Show that 

the constant-slope curve in this case can be found in two steps: 

(a) Solve for the v¢(t,m) of the normalized constant-slope network 
shown in Fig. P18-36. 

(b) Perform a graphical composition between v¢(t,m) and the 
vo-q curve of the nonlinear capacitor. 


ty ac - resistive 
nonlinear 


ac - resistive 
nonlinear 
network 

N 


network 
= N 


(a) (b) Fig. P18-3. 


18-4 Consider the nonautonomous, first-order, nonlinear network shown 
in Fig. P18-4a. If the inductor is flux-controlled, then the normal- 
form equation is given by 


dp, _ 
ay = f (1,1) 


where the state variable p, denotes the inductor flux linkage. Show 

that the constant-slope curve in this case can be found in two steps: 

(a) Solve for the current iz(t,m) of the normalized constant-slope 
network shown in Fig. P18-4b. 

(b) Perform a graphical composition between iz(t,m) and the 
iz-py curve of the nonlinear inductor. 


ac - resistive 
nonlinear 


ac - resistive 
nonlinear 


network 
N 


network 
N 


res Fig. P18-4. 
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18-5 Consider the clamping circuit shown in Fig. P18-5a. If the junction 
diode is characterized by the v-i curve shown in Fig. P18-5d, find 
the output voltage v,(t) corresponding to a 1-kHz, 150-volt peak-to- 
peak sinusoid. 


0.1 uF 


1 kQ 


v;(t) 10 ka 


= 10 k2 
Fig. P18-5. (a) (b) 


18-6 The capacitor-diode circuit shown in Fig. P18-6 is often used in 
practice to convert a low ac input voltage v;(7) into a high dc out- 
put voltage v,(¢). Assuming that v,(4) is a symmetrical square wave 
with amplitude equal to E volts, find the steady-state value of the 


voltages U1, Ve, ..., Vio and the output voltage vp. 
Vane U4 Ye. cae Sig =O 
C C C Cc € 
9 
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19-1 THE PHASE-PLANE TECHNIQUE 


The normal-form equations of any autonomous second-order non- 
linear network are always given by! 


oa = fi(%1,*2) (19-1) 
at = f2(X1,X2) (19-2) 


where the state variables x; and x2 may represent either voltage or 
charge for a capacitor, and current or flux linkage for an inductor. 
It was shown in Sec. 13-5 that any solution of the above equations 
can be represented by a trajectory in the phase plane. Moreover, if 
the time scale along a trajectory can be found, then the corre- 
sponding solution x;(¢) and x2(f) can be easily plotted as a func- 
tion of time. Our objectives in this section are, therefore, to 
develop a systematic technique for finding the trajectory corre- 
sponding to any initial state, and then to find the associated time 
scale. 


19-1-1 ISOCLINES AND PHASE PORTRAITS 
Suppose we divide Eq. (19-2) by Eq. (19-1) to obtain 


Axe _ folx1X2) (19-3) 
dx, —_fi(*1,X2) 


This equation defines a unique slope at each point P(x1,x2) in the 
phase plane which a trajectory passing through P must assume. 
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1Review the normal-form 
equations in Sec. 13-4-2. 
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+ Strictly speaking, the ele- 
ments of this vector field 
are vectors, and hence each 
director must be assigned 
an appropriate direction. 
The direction of a director 
at a given point P(x1,X2) is 
determined by the sign of 
dx;/dt and dx»2/dt at the 
point P(x1,x2). This is 
found by substituting the 
value of x; and x2 at P into 
Eqs. (19-1) and (19-2). For 
example, if dx;/dt > 0 and 
dx2/dt >0 at P(x1,x2), 
then the director at P must 
be pointing toward the in- 
creasing direction of x 
and x2; that is, the hori- 
zontal and vertical com- 
ponents of this vector must 
point toward the positive 
direction of the x, axis 
and the x2 axis, respec- 
tively. 

It is important to rec- 
ognize that Eq. (19-3) de- 
termines only the slope of 
the directors in a vector 
field. Hence, the system of 
directors constructed from 
Eq. (19-3) forms a /inear 
field, not a vector field. Ob- 
serve that if we multiply 
fil%1,.X2) and fo(x1,x2) by 
any function g(x1,x2) which 
does not change its sign, 
then upon dividing Eq. 
(19-2) by Eq. (19-1), we 
obtain the same Eq. (19-3). 
In other words, two dis- 
tinct autonomous systems 
of equations may lead to 
the same linear field, even 
though each system has a 
unique vector field. 

In spite of the subtle 
difference between a linear 
field and a vector field, the 
term vector field is usually 
used loosely to represent 
both cases. Since the con- 
text will usually suggest 
which term is meant, this 
somewhat ambiguous ter- 
minology will be adopted 
throughout this chapter. 
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Hence, if we calculate the slope at each and every point on the 
phase plane and draw a short director with the calculated slope at 
the corresponding point, we would obtain the vector field asso- 
ciated with Eq. (19-3).+ The concept here is exactly analogous to 
that developed earlier in Sec. 18-4. The only difference is that the 
time variable ¢ is replaced by the state variable x; in Eq. (19-3). 
Hence, once the vector field is obtained, the trajectory corre- 
sponding to any initial state x1(¢o), x2(to) can be easily sketched. 

Just as in Sec. 18-4 there are two general methods for deriv- 
ing the vector field associated with Eq. (19-3). The first method is 
the brute-force method wherein one systematically substitutes the 
coordinates of each uniformly spaced point on the phase plane 
into Eq. (19-3) and calculates the corresponding slope. This method 
can be implemented automatically with a computer. 

A more efficient method consists of finding the constant-slope 
curves defined by 


f2lX1,X2) 

Se Cl 19-4 
filx1,X2) ae 
where m is a number representing the slope dx2/dx1. In order to 
differentiate between the constant-slope curves of a first-order net- 
work and those of a second-order network, the constant-slope 
curve representing Eq. (19-4) will henceforth be called an isocline. 


EXAMPLE 


Consider the normal-form equations 


ee 

a ee (19-5) 
d. 

ae = e(1 = X17)Xe2 NT (19-6) 


Depending on the value of the parameter e, these equations con- 
stitute a good mathematical model for many electronic oscillators 
and multivibrators, and are generally known as the Van der Pol 
equation. The isocline equation is obtained by dividing Eq. (19-6) 
by Eq. (19-5) and equating the quotient to m; that is, 
dxy e(1 — x1?)x2 — x4 


te! 
dx X2 


(19-7) 


Equation (19-7) can be rearranged into the following more explicit 
form: 
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X1 


x2 = 
«(1 — x12) — m 


(19-8) 
Let us now construct the vector fields corresponding to several 
typical values of e. 


Case 1:<« =O In this case the network is linear and the isocline 
equation is given by 


1 
x2 = ——_X4 (19-9) 


Hence, the isoclines in this case consist of straight lines through 
the origin. By drawing a sufficient number of directors with slope 
m along the corresponding straight-line isocline, we obtain the 
vector field shown in Fig. 19-la. Observe that for this particular 
case, all directors are perpendicular to the associated isocline. This 
means that regardless of where the initial state [x1(¢o),x2(to)] is, the 
corresponding trajectory will always be a circle. Hence, the solu- 
tion waveforms x;(f) and x2(¢) corresponding to any initial state are 
always periodic; i.e., there will be no transients. 

A typical trajectory corresponding to the initial state 
x1(to) = V/2 and x2(to) = \/2 is shown in Fig. 19-1a. In order to 
determine which direction the trajectory moves as time increases, 
we must refer back to Eqs. (19-5) and (19-6). At the initial point 
Po(\/2,\/2) (any other point will do) we found dx;/dt > 0 and 
dx2/dt < 0. This means that the value of x, must increase while 
that of x2 must decrease, and hence the trajectory must be in the 
clockwise direction as shown in Fig. 19-1a. It is a simple matter, 
therefore, to determine the direction of a trajectory. We only have 
to find the “sign” of dx1/dt and dx2/dt at any convenient point P 
on the trajectory by substituting the coordinates of P into the 
normal-form equation. 


Case 2:« = 0.2 In this case the isocline equation is obtained by 
substituting « = 0.2 in Eq. (19-8). 


X1 
x2 = ma eo (19-10) 
Corresponding to each value m, Eq. (19-10) represents a curve in 
the phase plane.1 By plotting a few isoclines and their associated 
directors, we obtain the vector field shown in Fig. 19-1b. A typical 
trajectory corresponding to the initial state (1,1) is shown on this 
figure. Observe that this trajectory eventually approaches a closed 
curve. This means that the solution waveforms x1(/) and x2(f) tend 
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1 The curve representing an 
isocline may consist of 
several separate branches. 
For the case « = 0.2, each 
isocline corresponding to 
m < 0.2 will contain three 
branches. 
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Fig. 19-1. The vector fields associated with the Van der Pol 
equation corresponding to several typical values of «. pare! 
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to a periodic waveform in the steady state. A careful inspection of 
this vector field shows that regardless of where the initial state is, 
all trajectories must eventually converge to the same closed curve. 
Such a limiting curve is called a limit cycle. It can be shown that 
only nonlinear systems can have limit cycles. 


Case 3:«= 1.0 In this case the isocline equation is given by 


pee ei IOS | 
(1 — x3?) —m 


The vector field associated with this equation is shown in Fig. 
19-1c, together with a typical trajectory. Observe that this tra- 
jectory, as well as any other, eventually converges toward a limit 
cycle. 


Pas 


(19-11) 


Case 4:<« = 5.0 In this case the isocline equation is given by 


SS x2) =m 


The vector field associated with this equation is shown in Fig. 
19-1d, together with a typical trajectory. Once again it is easy to 
see that all trajectories converge to a limit cycle. 

A comparison of the vector fields corresponding to different 
values of € shows that the limit cycle is almost circular when e is 
small; however, as € increases, parts of the limit cycle become 
steeper, it will eventually approach a vertical line when € = 00.7 

Although the isoclines are different for different networks, 
there are some general properties which are common to all of 
them. For example, an examination of Eq. (19-3) shows that if both 
fi(x1,x2) and f2(x1,x2) are single-valued functions, then each point 
P(x1,X2) for which fi(x1,x2) AO and fo(x1,x2) #0 is associated 
with a unique slope. Such points will, henceforth, be called regular 
points. What about points P(X1,x2) for which both fire) = 
fo(X1,X2) = 0? An examination of Eqs. (19-1) and (19-2) shows 
that these points must correspond to the equilibrium states, also 
known as singular points, defined in Sec. 13-6. Observe that 
dx2/dx, = 0/0 at an equilibrium state, and is therefore indetermi- 
nate. This means that unlike the regular points, an equilibrium 
state may possess any slope. Summarizing the above observations, 
we conclude that the isoclines of any autonomous nonlinear net- 
work cannot intersect each other except at an equilibrium state. 
This conclusion provides us with a simple means for locating all 
equilibrium states of a nonlinear network. For example, an inspec- 
tion of the vector fields corresponding to the Van der Pol equation 


Xo (19-12) 
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1Not all closed trajectories 
are limit cycles. To qualify 
as a limit cycle, all trajec- 
tories in the vicinity of the 
closed trajectory must not 
be closed. Hence, the cir- 
cular trajectories in Fig. 
19-1a are not limit cycles. 


+In certain classes of sec- 


ond-order electronic oscil- 
lators which are described 
by the Van der Pol equa- 
tion, the case € = o0 cor- 
responds to the limiting 
case in which the oscillator 
degenerates into a first- 
order network upon ne- 
glecting a parasitic induc- 
tor or a parasitic capaci- 
tor. The vertical trajectory 
in this case corresponds to 
the jump phenomenon 
described in Sec. 14-6. 
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+ If we choose the spacings 
in such a way that the tra- 
jectory between f;_1 and 1; 
approximates a straight 
line, then x2 = kyx1 + ko, 
where k; and kg are the 
slope and intercept. 
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immediately shows that the origin is the only equilibrium state. 
Moreover, observe that this equilibrium state is unstable for all 


e> 0. 


19-1-2 TIME SCALING THE TRAJECTORIES 


In order to recover the waveforms x;(f) and x2(¢) associated with a 
trajectory, we must first provide the time scale along the trajectory. 
Consider the typical trajectory shown in Fig. 19-2a. Given the 
initial time fo, our objective will be to calculate t, f2,..., G1, 
tj,...etc., along a set of conveniently spaced points on I’. 

Consider first how to calculate t;. Let that portion of the tra- 
jectory between fo and t; be denoted by x2 = ['(x1).f Then Eq. 
(19-1) can be written as 


ax, 


= FG a) 


(19-13) 


Integrating both sides of this equation (from fo to 4 on the left, 
and from x,(fo) to x1(¢1) on the right), we obtain 


X1(¢1) dx 


Siu ee cee 
: ag X1(to) fi(1,0(«1)) 


(19-14) 


The integrand on the right of Eq. (19-14) can be represented as a 
curve 


l 
— 19-15 
Y= Feat Ga) arte 
in the x,-y plane from x,(¢o) to x3(t1) as shown in Fig. 19-25. 
Hence, the area under this curve is equal numerically to the time it 
takes the trajectory [ to move from fo to 4. Notice that if this 
curve is almost linear, then Eq. (19-14) can be approximated by 


Ax, 
hh = to + ——— E 
1~ lo ree (19-16) 


where (X1,%2) is some point on I between fo and ¢;. An examina- 
tion of Fig. 19-2b shows that in order for ¢; to approach the exact 
value, x, must be chosen such that the two shaded areas can- 
cel each other. If Ax; is small, a good approximation is given by 
X1 = “[X1(to) + X1(t1)] and X2 = “[xe(to) + x2(t1)]. Hence, t; can 
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X(t) 


be calculated either exactly by Eq. (19-14) or approximately by 
Eq. (19-16). Knowing 4, we can calculate fo, fz, ... etc., by simply 
changing the subscripts of ¢ in Eqs. (19-14) or (19-16). 

An inspection of Eqs. (19-14) and (19-16) shows that since 
fi(%1,.X2) = 0 at an equilibrium state Q, it will take an infinite time 
interval for the trajectory to arrive at Q. Hence, we conclude that 
no trajectory may arrive at an equilibrium state in finite time. 

It is possible to obtain more qualitative information if the 
normal-form equations assume the special form 


d. 
<= me (19-17) 
Oe as) (19-18) 
dt j 


and if the time spacings on the trajectory have been chosen close 
enough so that the trajectory between adjacent points can be ap- 
proximated by a straight-line segment as shown in Fig. 19-3a; 


namely, 


Lo X2(t;) -++ mx _ x1(t;)] (19-19) 


ah 1 
fe GO 


Ax 
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Fig. 19-2. A typical trajectory 
whose time scale is to be 
found. 
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Ax, Ax, 


ome 2 
(x, —%,,) ee = 


Xp =x,(t;)+m[x,—x,(t,)] 


Xo(tj41) 


xp(t;) 


(a) 


Fig. 19-3. Two simple trajec- 

tory segments consist of either 

a straight-line segment or a ; ; ; f 

circular arc. where m is the slope of the straight-line segment. Using Eqs. 


(19-14), (19-17), and (19-19), we obtain 


X1(G41) dx, 
ea, Ge aha ee 19-20 
ee x(t) Xe(t;)) + m[x1 — x1(4)] ( 
Integrating Eq. (19-20) and simplifying, we obtain 
l hj 
aren tt (19-21) 
J 


Equation (19-21) is very useful because with it we can calculate 
the time parameter at any point on a straight-line trajectory 
of any network described by Eqs. (19-17) and (19-18). An exam- 
ination of Eq. (19-21) reveals that the time interval At = #41 — 4 
decreases as m increases and approaches zero as m —> oo (assuming 
that the trajectory traverses the same vertical distance). In other 
words, the steeper the trajectory, the less time it takes to move 
from one point on the trajectory to another. Hence, it takes zero 
time to move along a vertical trajectory. 

What happens if m = 0? In this case Eq. (19-21) becomes in- 
determinate because when m = 0, the trajectory is horizontal, and 
hence x2(tj41) = x2(t;), and In [xo(t;41)/x2(t;)] = 0. However, it is 
easy to obtain the correct expression directly from Eg. (19-20) 
with m = 0; namely, 


X4(tj41) — X1(t)) 


hii = G+ 
: X2(t) 


(19-22) 
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This equation is, of course, valid only for a horizontal trajectory of 
Eqs. (19-17) and (19-18). Observe that Eq. (19-22) shows that 
it takes less time to traverse a horizontal trajectory farther from 
the x axis than a horizontal trajectory of equal length but located 
nearer the x; axis. 

If the curvature of a portion of a trajectory is large, it will be 
more accurate to approximate it by a circular arc as shown in Fig. 
19-36. If the center of the arc is located at Q and if the radius is 
e, then under the assumption that the network’s normal-form 
equations are given by Eqs. (19-17) and (19-18), we can re- 
write Eq. (19-14) as follows: 


X1(641) dx 
Gai = t+ 0 Cie ee een ante Bena tele 19-23 
i+ Bas Bore Vier (oe X49)? ( ) 
Integrating and simplifying this equation, we obtain 
Gar = G+ cos-1 Ree] — (Som eee] 
P p 
=h + Oj — P41 
or 
EY lle (19-24) 


This equation reveals a most surprising fact that the time it takes 
to traverse a circular arc trajectory (with center on the x, axis) of 
Eqs. (19-17) and (19-18) does not depend on the length of the arc, 
but rather on the angle Ag (in radians) subtended by the arc. 

As an application of these properties, let us consider the Van 
der Pol equation again (Eqs. 19-5 and 19-6). Notice that this equa- 
tion has the same form as Eqs. (19-17) and (19-18). Corresponding 
to the circular trajectory in Fig. 19-la, the solution waveform, we 
immediately conclude, is a sinusoid with period T = 27 (since 
Ag = 2m for a complete circle) as shown in Fig. 19-4a. With the 
help of Eq. (19-16) we obtain the approximate solution waveforms 
x(t) shown in Fig. 19-4b to d corresponding to the trajectories 
shown in Fig. 19-1b to d. As expected, we find that the steeper the 
trajectory, the faster is the waveform for x2(t). In the limit where 
€ — oo, the waveform x2(t) approaches a square wave. 

It is clear that even with the help of Eqs. (19-21) and (19-24), 
the time-scaling procedure is at best an approximate and tedious 
thing to do. Actually, we seldom do this in practice, for if we were 
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Fig. 19-4. The solution wave- 
forms corresponding to the tra- 
jectories in Fig. 19-1. 
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interested only in the solution waveform x2(¢), there are other 
more efficient methods, such as numerical techniques. The main 
value of the above results is the qualitative properties which we 
learned concerning the behavior of trajectories. For example, we 
learned that it takes an infinite time to arrive at an equilib- 
rium state. We observe that for networks described by Eqs. (19-17) 
and (19-18), it takes less time to traverse a steep trajectory, and in 
the limit, it takes zero time to traverse a vertical trajectory. 
We also saw that it takes the same time for two trajectories 
of Eqs. (19-17) and (19-18) to traverse two concentric circular arcs 
(with center on the x; axis) which are subtended by the same 
angle, and if an arc consists of a complete circle, the corresponding 
solution is a sinusoidal waveform with period T = 2z. 


Exercise 1: Construct the vector field for the Van der Pol equation corresponding 
toe = 0.5. 
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Exercise 2: Show that the isoclines of the Van der Pol equation corresponding to 
m < consist of three separate branches. 


Exercise 3: Construct the vector field for the Van der Pol equation corresponding 
to « = —1.0. Locate the equilibrium state and determine whether it is stable or 
unstable. 


Exercise 4: Show that if the trajectory [ is expressed by x; = I'(x2), then 
the time scale ¢; can be exactly calculated from 


Xo(tj41) ee 
ba soe fala.) 
or approximately from 
tint Axo 

+ FE) 


where (X1,X2) is some point on T between ¢; and ¢)41. 
Exercise 5: Derive Eqs. (19-21) and (19-24). 


Exercise 6: Show that any second-order differential equation of the form 
d?x/dt? = f(x,dx/dt) can be transformed into the form of Eqs. (19-17) and 
(19-18) by defining x; = x and x2 = dx;/dt. 


19-2. THE ISOCLINE NETWORK METHOD 


The phase-plane technique developed in the preceding section is a 
powerful and very useful method for obtaining the qualitative be- 
havior of the solutions associated with Eqs. (19-1) and (19-2). Un- 
fortunately, it is usually difficult, if not impractical, to obtain the 
normal-form equations of practical networks in analytic form.1 The 
basic difficulty is that most practical nonlinear elements are 
characterized graphically. Our objective in this section is to develop 
a method for drawing the isoclines without deriving the isocline 
equation [Eq. (19-3)]. The key to this problem lies in the definition 
of an isocline network. 


19-2-1 THE ISOCLINE NETWORK 


Consider first the second-order capacitor network shown in Fig. 
19-5a.t The equations of motion are given by 


dug, a (19-25) 
dt Ci 
doc, _ je. (19-26) 


Wie ACS 
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1We assume that all net- 
works considered in this 
chapter possess a well- 
defined normal-form equa- 
tion, even though it may 
not be possible to write 
the equations in explicit 
analytic form. 


+ For convenience we shall 
consider only the case 
where both capacitors are 
linear. The extension to 
include nonlinear capaci- 
tors will be given as 
problems. 
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Fig. 19-5. A second-order ca- 
pacitor network and its asso- 
ciated isocline networks. 
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Dividing Eq. (19-26) by Eq. (19-25), we obtain 


de. Cyl 
ee 19-2 
duc, Coli ( 2 


An isocline corresponding to slope m is, by definition, the locus 
of all points in the v¢,-v¢e, plane for which 


advo, 
dvc, 


—m (19-28) 


Equating Eqs. (19-27) and (19-28) and solving either for ig or for 
iz, we obtain 


es (“= 4 (19-29) 
or 

3 EG )i 

ie (“ i) is (19-30) 


Equations (19-29) and (19-30) can be interpreted as the constraints 
that must be satisfied by the currents i; and is in order for the volt- 
ages Uc, and vo, to fall on the isocline of slope m. The constraint 
imposed by Eq. (19-29) can be “simulated” by connecting a voltage 
source across port | and a current-controlled current source across 
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port 2 of the resistive subnetwork as shown in Fig. 19-5b. Similarly, 
the constraint imposed by Eq. (19-30) can be “simulated” by the 
resistive network shown in Fig. 19-5c. Observe that the network 
in Fig. 19-5 is being driven at port 1 by an independent voltage 
source. The solution vg, corresponding to each value of Uc, Must, 
therefore, be a point on the isocline. But by definition this is 
simply the v¢,-vs.-ve, TC plot. Similarly, since we are driving port 
2 of the network in Fig. 19-5c¢ by a voltage source, the u¢,-vs.-v¢, 
TC plot must coincide with the isocline of slope m. In view of the 
above interpretations, we shall call the resistive networks in Fig. 
19-56 and c the isocline network I and the isocline network 2, re- 
spectively.1 Let us summarize the above results in the form of a 
theorem. 


CAPACITOR-LOADED ISOCLINE NETWORK THEOREM2 


The isocline corresponding to slope m of the capacitor-loaded net- 
work shown in Fig. 19-5Sa is identical with the v¢,-vs.-vc, TC plot 
of the isocline network 1 shown in Fig. 19-55 or the ug,-vs.-vcg, TC 
plot of the isocline network 2 shown in Fig. 19-5c. 


The above theorem provides us with a practical method for 
constructing the vector field associated with the network shown in 
Fig. 19-5a. Observe that since the isocline network is resistive, we 
can apply the techniques developed in Part 2 of this book for de- 
termining the TC plots. Hence, once again we have transformed 
a difficult dynamic-network problem into a simpler resistive-net- 
work problem. Since the TC plots of the isocline network are used 
only for obtaining the isoclines, they do not represent physically 
measurable quantities. In fact, these TC plots are generally multi- 
valued and may contain several separate branches. If the dynamic 
network has a unique solution, i.e., if its normal-form equations 
are single-valued, then the intersections of the TC plots of the 
isocline network are the equilibrium states. Another useful prop- 
erty can be found by an inspection of the isocline networks in Fig. 
19-5b and c. Observe that the controlled current source of the 
isocline network 1 becomes an open circuit when m = 0, and that 
of the isocline network 2 becomes an open circuit when m = co. 
Hence, the m = 0 and the m= oo isoclines of the capacitor- 
loaded network are identical with the vc,-vs.-vc, and the v¢,-Vvs.-v¢, 
TC plot of the resistive subnetwork N (without the controlled 
source), respectively. 
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1The indexes | and 2 refer 
to the port number which 
is being driven by the 
independent source. 


2For a more detailed dis- 
cussion of related results, 
see L. O. Chua, Two New 
Theorems in Nonlinear 
Networks, Midwest Symp. 
Circuit Theory, 11th, Uni- 
versity of Notre Dame, 
South Bend, Ind., pp. 340- 
351, May 13-14, 1968. 
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Fig. 19-6. A second-order in- 
ductor network and its associ- 
ated isocline networks. 
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By a similar procedure, we can state the following analogous 
theorems: 


INDUCTOR-LOADED ISOCLINE NETWORK THEOREM 


The isocline corresponding to slope m of the inductor-loaded net- 
work shown in Fig. 19-6a is identical with the iz,-vs.-iz, TC plot 
of the isocline network 1 shown in Fig. 19-65 or the iz,-vs.-iz, TC 
plot of the isocline network 2 shown in Fig. 19-6c. 


CAPACITOR-INDUCTOR-LOADED ISOCLINE NETWORK THEOREM 


The isocline corresponding to slope m of the capacitor-inductor- 
loaded network shown in Fig. 19-7a is identical with the v¢,-vs.-iz, 
TC plot of the isocline network 1 shown in Fig. 19-7b or the 
iz,-V8.-Vc, TC plot of the isocline network 2 shown in Fig. 19-7c. 


19-2-2 SOME PRACTICAL NETWORKS 


Let us now apply the above theorems to analyze some practical 
networks. 


EXAMPLES 


1. Consider the tunnel-diode circuit shown earlier in Fig. 13-18c. 
The normal-form equations of this network were derived in 
Sec. 13-6-1 and are given by Eqs. (13-86) and (13-87). Dividing 
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2 dc - resistive 
ee nonlinear 
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Eq. (13-87) by Eq. (13-86) and simplifying, we obtain the 
isocline equation 


dvo, =p. eee lO) 
ehs 10¢|] | : 
dir, NS EET (TD arene 


where g(vc,) is defined by Eq. (13-88). Since Eq. (19-31) is 
already in analytic form, we could construct the vector field 
associated with this network directly using this equation. Before 
we do this, however, let us verify that the isocline network 
approach would lead to the same answer. 

Let us first redraw the network in Fig. 13-18c into the form 
shown in Fig. 19-8a. The associated isocline network I is shown 
in Fig. 19-85. According to the capacitor-inductor-loaded 
isocline network theorem, the isoclines of this network are 
identical with the vc,-vs.-i,, TC plots. Hence, if g(vc,) had not 
been given analytically, we could obtain these isoclines by 
simply solving for the TC plots corresponding to different 


dc - resistive 
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Fig. 19-7. A second-order in- 
ductor-capacitor network and 
its associated isocline net- 
works. 


Fig. 19-8. A tunnel-diode 


switching circuit and its asso- 
ciated isocline network 1. 
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values of m by the methods developed in Part 2 of this book or 
by the automatic computer program Meca described in Sec. 
12-5-2. Since g(v¢,) is given analytically, let us derive the TC 
plots analytically. By writing KVL and KCL equations, we 
obtain 


pe 15102), — 12 
~in, — g(vo,\10-*) = (“04 
Ty 


Substituting Eq. (19-32) for v; in Eq. (19-33) and simplifying, 
we obtain the equation of the TC plot. 


el == ti; ae g(vc,)(10-?) | 
Cee ISOs — 1D 


where 14/C2 = (5 x 10°°)/@ x 10712) = 2.5 x 103. Observe 
that Eqs. (19-34) and (19-31) are identical, as they should. 

By assigning different values to m in Eq. (19-31), we ob- 
tain the vector field shown in Fig. 19-9. The “sense” of the 
arrowheads associated with the directors at each point uc, = E, 
iz, = I is determined by the “sign” of duc, /dt and diz, /dt. This 
in turn is determined by the sign of the current 72 and the voltage 
v; Of the resistive network obtained by replacing the capac- 
itor with a voltage source ve = E and the inductor with a cur- 
rent source 7; = —J. The systematic method, of course, con- 
sists of finding the sense of all directors lying on each isocline. 
This consists of obtaining either the i2-vs.-i,, TC plot or the v,-vs.- 
iz, DP plot of the isocline network shown in Fig. 19-8) and then 
determining the intervals of iz, for which this plot lies above 
the iz, axis.1 Observe that all isoclines intersect at the three 
equilibrium states Q1, Q2, and Q3 obtained earlier in Fig. 13-19. 
An examination of the vector field shown in Fig. 19-9 shows 
that QO, and Qs are stable, but Q2 is unstable. The two trajec- 
tories shown earlier in Fig. 13-19 can now be trivially obtained 
as shown in Fig. 19-9. For the sake of illustration, these 
two trajectories have been time-scaled by the methods described 
earlier. The complete waveforms of iz,(4) and ve,(t) correspond- 
ing to these two trajectories are shown in Fig. 19-10. 


(19-32) 


(19-33) 


=n (19-34) 


. Consider next the twin tunnel-diode switching circuit shown in 
Fig. 19-1la. The two tunnel diodes are assumed to be charac- 
terized by the same piecewise-linear vg-ig curve shown in Fig. 
19-11b. The associated isocline network 1 is shown in Fig. 
19-1lc. Since Cy = Co = 10 pyF, the coefficient of the current- 
controlled current source is equal to m. The TC plots of this 
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1 Since the slope of the di- 
rectors associated with 
each isocline is known a 
priori, the time rate of 
change of only one of the 
two state variables is suffi- 
cient to determine the 
“sense” of the directors. 
Hence, either the io-vs.-iz, 
TC plot or the v,-vs.-iz, 
DP plot is sufficient to de- 
termine the sense of the 
directors. 
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Fig. 19-10. The waveforms of 
iz,(t) and v¢,(t) corresponding 
to the two trajectories shown 
in Fig. 19-9. 


Fig. 19-11. A twin tunnel-diode 
switching circuit and its asso- 
ciated isocline network 1. 


ty, (t) of trajectory 1 


‘iz, (2) of trajectory 2 


network corresponding to different values of m, as obtained by 
the Meca program, are shown in Fig. 19-12. Observe that the TC 
plots are highly multivalued and contain separate branches. The 
sense of the directors on each isocline is determined by using 
Meca to find either the ig-vs.-v; TC plot or the i-vs.-v; DP plot 
of the isocline network shown in Fig. 19-11c. Observe also that 
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1The time-scaling proce- 
dure is seldom used for 
this purpose because sim- 
pler and more exact quan- 
titative methods are avail- 
able. 
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the TC plots intersect at the five equilibrium states Q1, Qo, Os3, 
Ox, and Qs. An examination of the vector field near each 
equilibrium state shows that Q1, Qs, and Qs are stable, whereas 
Q2 and Q4 are unstable. 


Exercise 1: Prove the inductor-loaded isocline network theorem and state the 
analogous properties corresponding to the m = O and m = oo isoclines of the 
capacitor-loaded network. 


Exercise 2: Prove the capacitor-inductor-loaded isocline network theorem and 
state the analogous properties corresponding to the m = O and m = oo Isoclines 
of the capacitor-loaded network. 


Exercise 3: Derive the isocline equation for the tunnel-diode switching network 
shown in Fig. 19-8a by using the associated isocline network 2. 


Exercise 4: Draw the isocline network 2 associated with the twin tunnel-diode 
switching circuit shown in Fig. 19-1lla. 


Exercise 5: Show that the direction of the trajectories shown in Fig. 19-9 can also 
be found from the sign of the voltage across the inductor and the sign of 
the current in the capacitor at t = fo. 


Exercise 6: Explain how to find the direction of the trajectories of a second-order 
capacitor (inductor)-loaded network as obtained by the isocline network approach. 


19-3. FROM QUALITATIVE TO QUANTITATIVE ANALYSIS 


The phase-plane technique is useful for obtaining the qualitative 
properties of the solution waveforms. It tells us the number and 
location of the equilibrium states of the network and whether they 
are stable or unstable. It also tells us the number and location of 
limit cycles of the network. Moreover, it shows how the location 
of initial states affects the trajectories of the network. In other 
words, the phase-plane technique may be called a global analysis 
method because it gives a complete picture of a network’s behavior. 

Once these qualitative properties are found, we may then 
want to perform a quantitative analysis by finding the exact solu- 
tion waveform corresponding to some meaningful choice of initial 
states.1 For example, one of the most often sought solutions is the 
waveform corresponding to a limit cycle because it represents the 
steady-state behavior. In this case the initial state may be chosen 
to be any point which lies (approximately) on the limit cycle. 
Another commonly sought solution is the transient waveform 
during the triggering operation of switching circuits. In this case 
the important information that is usually desired is the switching 


Analysis of autonomous second-order nonlinear networks 


speed of the network. This can be found by choosing the initial 
state to coincide with the point on the phase plane for which the 
triggering signal is first applied. The time it takes the resulting 
trajectory to “approach” the equilibrium state gives a measure of 
the switching speed.! 

Several quantitative methods of analysis are available. If the 
normal-form equation can be easily found in analytic form, then 
the numerical techniques presented in Sec. 4-7 are probably the 
most straightforward methods to use, with the help of a computer, 
of course. On the other hand, if the nonlinear devices do not have 
simple analytical representations, then the piecewise-linear ap- 
proach to be developed in Sec. 19-5 is usually more practical. As 
usual, the computer is invariably needed. 


19-4 ANALYTICAL SOLUTIONS OF AUTONOMOUS 
SECOND-ORDER LINEAR NETWORKS 


Since the piecewise-linear approach to be developed in the next 
section is based on the solution of autonomous second-order 
linear networks, let us derive first the analytical solution of this 
class of networks. The normal-form equations of any autonomous 
second-order linear network are always of the form 


d. 


— = AX, + byxXe + 4 (i9-35) 


—— = 9X, + boxe + C2 (19-36) 


X4 
dt 
dx2 
dt 
where the parameters aj, b;, and c; are constants. The equilibrium 


state of this network is obtained by equating Eqs. (19-35) and 
(19-36) to zero and solving for x; and x2; namely, 


se (Zuce — 26s ) ys (19-37) 
aybe2 ad Agb; 

Tay 5 inace a) Ve 19-38 

ne (=o = a Ek ( ) 


The parameters c; and cz in Eqs. (19-35) and (19-36) are due to 
the dc independent sources in the network. If the network does not 
contain any independent source, then cy = cz = 0, v1 = 2 = 9, 
and the origin is the only equilibrium state. 
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1 Although in theory it takes 
an infinite time for any 
trajectory to “arrive”at an 
equilibrium state, it usually 
takes very little time to 
“approach” it, i.e., to come 
within an e-neighborhood 
of the equilibrium state. 
This is analogous to the 
first-order case where an 
exponential solution is 
practically in steady state 
after five time constants. 
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1A review of the time- 
scaling procedure in Sec. 
19-2-2 will reveal that if 
the same initial state is 
given at a different initial 
time fo, then the corre- 
sponding solution wave- 
forms will differ from those 
obtained with fo = 0 only 
by a translation along the 
time axis (by fo units). 
Hence, there is no loss of 
generality for choosing 
to = 0 in our discussions. 
This time-translation prop- 
erty is not valid for non- 
autonomous networks. 


2As we shall see shortly, 
the natural modes com- 
pletely characterize the 
behavior of the network. 
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Since no background in differential equations is assumed in 
this book, we shall merely state that the solutions (complete 
response) of Eqs. (19-35) and (19-36) corresponding to any initial 
state x1(0) and x2(0) are given by! 


P10 
PEAY) 


(19-39) 
(19-40) 


x1(t) = aye? + Byer! + v1 
X(t) = age! + Boer! + yo 


where y1 and y2 are given by Eqs. (19-37) and (19-38), and where 
a1, B1, a2, Bo are given by 


+ oes — be) + x2(0)b1 + (cy + ¥1A2)] (19-41) 
Ne ENZ 


ay 


Br = | ]orOv0e = bo) + 22s + (er + AAD) 
(19-42) 
[os@ae + x200)0a = a1) + C+ Vers) (19-43) 


a2 


| l 
Ay — Ae 


oe -|5. = x pa +, xo(0 (Na — G1) tekee eeavonul| 
(19-44) 


The constants A; and Az in these equations are called natural 
modes (also known as normal modes) of the network and are 
given, respectively, by 


Ai = Yay + be) ate War + be)? _ 4(ayb2 — a2b 1) (19-45) 
Az = Yay + be) — % Vay -b be)? —_ A(ayb2 — a2b}) (19-46) 


Observe that whereas the constants a1, £1, a2, and Be depend on 
both the initial states (x1(0),x2(0)) and the network parameters dj, 
b;, and c;, the natural modes A; and A» are independent of the 
initial states.2 

To prove that Eqs. (19-39) and (19-40) are indeed the solu- 
tions, we must do two things. First, we must verify that when 
t = 0, the expressions on the right side of Eqs. (19-39) and (19-40) 
are equal, respectively, to the given initial state x,(0) and x2(0). 
Second, we must substitute Eqs. (19-39) and (19-40) into Eggs. - 
(19-35) and (19-36) and show that the two sides are identical. 
Since the above procedures are straightforward, although quite in- 
volved algebraically, we shall leave the proof as an exercise. 
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An examination of Eqs. (19-41) through (19-44) shows that 
Q1, 61, 2, and Be are infinite whenever Ay = Ao. Similarly, an ex- 
amination of Eqs. (19-45) and (19-46) shows that ajb. — ab, = 0 
whenever A; = 0 or As = 0. This in turn implies that yi and ye as 
defined by Eqs. (19-37) and (19-38) are infinite. The solutions 
given by Eqs. (19-39) and (19-40) are, therefore, undefined under 
these conditions. Since the correct solution for these special cases 
must be found by a limiting process, we shall henceforth consider 
the more general case where the two natural modes are neither 
identical nor equal to zero. 

An examination of Eqs. (19-45) and (19-46) shows that the 
natural modes are complex numbers whenever 


(ay — be)? id 4(ayb2 — a2b 1) (19-47) 


In this case it is more convenient to rewrite Eqs. (19-45) and 
(19-46) into the form! 


1s ei tl al (oy (19-48) 
Ag = T — Jw (19-49) 
where 

r= 4(ar + bs) (19-50) 
w = %/4(ayb2 — azbi1) — (ay + be)? (19-51) 


If we substitute A; and Az from Eqs. (19-48) and (19-49) into Eq. 
(19-39), we obtain 


xX4(0) = aye tit 4 Byel-iot 4 yy 
= e7"(ayeiot ais Bye") =e v1 (19-52) 


Since A, and Az are complex numbers, the constants a1, 4, 
a2, and B2 will also be complex numbers. If we substitute Eqs. 
(19-48) and (19-49) into Eqs. (19-41) to (19-44) and simplify, we 
find that a; and f; are complex conjugates of each other; namely, 


a, = Rea, + j Ima, (19-53) 
By = Rea — jImay (19-54) 
where 


Re a, =real part of ay = %[x1(0) — y1] (19-55) 
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1The letter 7 is used to de- 
note \/—1. It is chosen in 
favor of the more conven- 
tional notation 7 in order 
to avoid any possible con- 
fusion with i meaning 
current. 
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Im a; = imaginary part of a1 


_— pas — be) + X2(0)b1 + (C1 + m2] (19-56) 
2 


Similarly, we find that a2 and Bz are complex conjugates; namely, 


a2 = Re ag + j Im ae (19-57) 

Be = Re a2 —j Im a2 (19-58) 

where 

Re ag = [x2(0) — ye] (19-59) 

late = je Se 2 a) Eee 2 (19-60) 
(69) 


Since a; and 6; are complex conjugates, they can be written as 


ay = |aije™ (19-61) 
By = |ayle" (19-62) 
where 
ne = \/(Re ay)? + (Im a)? (19-63) 
cee my Im a1) 
= it {[ ee eat iE 
1 = tan (= 7 (19-64) 


Substituting Eqs. (19-61) and (19-62) into Eq. (19-52), we obtain 


X(t) = |ayle*(eiteinr + e~dote~inn) 4 yy 
ellote1) 4 e-iwttei) 
5} ) asa 


= 2|a,|e"* cos (wt + 91) + 1 (19-65) 


= Dlaaler( 


By a similar procedure Eq. (19-40) can be written into the form 


X2(t) = 2lagle™ cos (wt + M2) + Yeo (19-66) 
where 
|a2| = \/(Re az)? + (Im ae)? (19-67) 
and 
Im a 
=o (ie) 
G2 an Rees (19-68) 
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Summarizing, we find that if the natural modes are complex num- 
bers, the solutions can be recast into the following more convenient 
forms: 


xXx(t) = pie" cos (wt + 1) + 1 ‘250 (19-69) 
X2(t) = pee"? cos (wt + M2) + Ye2 t>0 (19-70) 


where 0; = 2|a,| and pz = 2\ay|. 

The above results are summarized in Table 19-1 in two 
columns corresponding to the aperiodic and the spiral cases. Given 
the normal-form equations of any network and the prescribed 
initial states x,(0) and x2(0), we can immediately obtain the solu- 
tion by direct substitution in the appropriate equations in this 
table. The natures of the solution waveforms corresponding to 
three typical cases are shown in each column of Table 19-1, 
together with the associated trajectories. Observe that in the 
aperiodic case, the trajectory enters the stable equilibrium state 
(case 1) at a unique slope. On the other hand, the trajectory in the 
spiral case approaches the stable equilibrium state (case 1) with an 
undefined slope because the trajectory is a spiral. 


Exercise 1: Prove that the natural modes A; and 22g satisfy the following 
properties: 

(a) Ay + Az = (a1 + bz) 

(b) AzAz = aybe — deb; 

Exercise 2: Prove that Eqs. (19-39) and (19-40) are indeed the solutions of Eqs. 
(19-35) and (19-36). 

Exercise 3: Show that if the natural modes are complex numbers, the solutions 
can be recast into the following equivalent form: 

x4(t) = S1e7* sin (wt + 61) + y1 ip 2N0) 

x2(t) = Soert sin (wt + 42) + Ye t=0 

Specify 6, and { in terms of the parameters aj, bj, c; and the initial states x(0) 
and x2(0). 


Exercise 4: Specify a set of parameters for the normal-form equations in order 
to obtain the solution waveforms corresponding to the six cases listed in Table 
19-1. Sketch the associated solution waveforms and trajectories. 


19-5 PIECEWISE-LINEAR ANALYSIS OF AUTONOMOUS 
SECOND-ORDER NONLINEAR NETWORKS 


If all nonlinear elements of an autonomous second-order non- 
linear network are characterized by piecewise-linear curves, then 
over some appropriately chosen time interval the network is 
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4 dc-resistive linear network V, v 
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(a) 


dc-resistive linear network 


1 dc-resistive linear network 


dc-resistive linear network 


(d) 


Fig. 19-13. Three autonomous second-order nonlinear networks and their associated iterative piecewise-linear re- 
sistive network for determining the switching planes. 
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6 A dc-resistive linear network 


dc-resistive linear network 


(f) 


equivalent to a linear network, and its normal-form equations are 
given by Eqs. (19-35) and (19-36). The analytic solutions tabulated 
in Table 19-1 can, therefore, be used for obtaining the solutions. 
But how do we know which parameters a;, b;, and c; to use at any 
particular time? The key to this problem consists of deriving the 
switching plane associated with the network. The procedure is 
similar to that developed earlier in Sec. 18-3 for the first-order 
nonautonomous case. 

Any autonomous second-order nonlinear network can be 
represented by one of the three black-box forms shown in Fig. 
19-13a to c. The corresponding iterative piecewise-linear resistive 
networks used for determining the switching planes are shown in 
Fig. 19-13d to f, Observe that each capacitor is replaced by an inde- 
pendent voltage source, and each inductor by an independent cur- 
rent source. Our objective is to solve for the voltage v; or the current 
i;, whichever is more convenient, of each nonlinear resistor as a func- 
tion of the port voltage vc, or the port current i,,, depending on 
whether a capacitor or an inductor is connected across the port. 


Fig. 19-13. (Continued) 
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Once these relationships are obtained, the subsequent procedure is 
exactly the same as that developed in Sec. 18-3. As usual, we shall 
assume that the normal form is single-valued so that the switching 
plane will be subdivided into nonoverlapping “cells.” Each cell 
(k1,k2, ... ,km) specifies the region in the phase plane for which 
resistor R; will be operating in segment kj, resistor Re in segment 
kg, ..., and resistor R,, in segment k». Hence, the parameters aj, 
b;, and c; of the normal-form equations are uniquely defined for 
each cell in the switching plane. Let us render these ideas concrete 
by a numerical example. 


EXAMPLE 


Consider the network shown in Fig. 19-14a, where the v-i curves 
of the nonlinear resistors Ry and R» are shown in Fig. 19-145 and 
c, respectively. The iterative piecewise-linear resistive network 
associated with this network is shown in Fig. 19-14d. The pertinent 
parameters defining the nonlinear resistors are tabulated in Fig. 
19-14e. The analysis procedure always consists of two parts. The 
first part consists of the derivation of the switching plane by solv- 


Fig? 19.14, Anoatignonons, Le resistive nonlinear network. The second part consists of ob- 


second-order nonlinear net. taining the dynamic solutions corresponding to the pertinent cells. 
work and its associated piece- 
wise-linear resistive network. 


Ai,, amp Ais, amp 


oe 


-4 -3 -2 -1 


(c) 


(=e4 —1.0) 


(-1.0, 00) 


Analysis of autonomous second-order nonlinear networks 


Part 1: Switching-plane derivation Let us solve for the voltages v1 
and v2 of the network in Fig. 19-14d as a function of ve, and v¢,.+ 
By straightforward manipulation of the equations of motion, the 
following transfer-voltage relationships are obtained: 


Y= joe] 06, (2) UC> +{ ns + Abeta Cet) 


A A 
(19-71) 
t= — (42) v6, + [AOE W DN, + {pep MAE CO ard} 
A A A 
(19-72) 
where 
A=(1-+ wi) + 772) — 1 (19-73) 


Since each of the v-i curves contains two segments, we must iterate 
four times. The pertinent equations corresponding to each of the 
four segment combinations are tabulated in Table 19-2. The equa- 
tions in the last column of this table specify the switching lines 
separating each cell. They are obtained by replacing the inequality 
signs in column 4 of this table by equalities and then solving for 
Uc, as a function of v¢,. For this example each cell is characterized 
by only two switching lines because one of the two inequality 
limits in column 4 is +oo. In the more general case, each cell is 
defined by at most 2m switching lines, where m is the total num- 
ber of nonlinear resistors. Also in the general case, each pair of 
inequalities in column 4 defines a parallel strip of points so that 
the common region defining each cell is a convex polygon. For the 
present example one side of the convex polygon of each cell 
is located at infinity. The switching plane can now be easily con- 
structed from Table 19-2 and is shown in Fig. 19-15. 

An examination of the above derivation procedures shows 
that the transfer-voltage relationships for deriving the switching 
plane depend only on the network topology and not on the 
v-i curves of the nonlinear resistors. Hence, once the transfer volt- 
age (or current) relationships of a particular network are derived, 
it is a simple matter to obtain the switching plane corresponding 
to a different set of nonlinear resistors. A general computer 
program can be easily written for this purpose. The user will 
simply supply the computer with the transfer relationships and the 
v-i curves of the nonlinear resistors. The computer will automat- 
ically calculate the switching lines. In fact, the Meca program de- 
scribed in Sec. 12-5-2 can be used to derive the switching plane 
automatically; i.e., the user need not even derive the transfer 
relationships. 
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+ Actually, for this particu- 
lar network it would be 
simpler to solve for i; and 
ig as a function of vg, and 
UGp- 
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Aff 


Part 2: Deriving the dynamic solutions The normal-form equations 
are derived from the iterative piecewise-linear network in Fig. 
19-14d upon replacing the two voltage sources by the original 
capacitors.! The results are easily found to be given by 


Apa Zia - (2) + PEE 
; (19-74) 


doy _ Ei Fea + |" aed 


apaeT ENC A 
Rs ee = a we |} (19-75) 


where A is defined by Eq. (19-73). Comparing these equations with 
Eqs. (19-35) and (19-36), we identify x1 = ve, and x2 = Uo,. The 
corresponding expressions for the parameters aj, b;, and c; are 
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Fig. 19-15. The switching 
plane for the network shown in 
Fig. 19-14a and a typical tra- 
jectory. 


1]If the capacitor is non- 
linear, it can be approxi- 
mated by a_piecewise- 
linear v-q curve, and the 
same method is applicable 
with minor modifications. 
A dual remark applies for 
nonlinear inductors. 
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tabulated in column | of Table 19-3. Substituting the pertinent 
values of ,r; and ;,£; from Fig. 19-14e, we obtain the numer- 
ical values of a;, b;, and c; for each of the four cells as tabulated 
in columns 2 to 5 of Table 19-3. 

It is now a simple matter to find the solution waveforms 
Uo,(t) and ve,(t) corresponding to any initial state [v¢,(0),ve,(0)]. 
For example, suppose the desired initial state is given by v¢,(0) = 
—4 volts and v¢,(0) = 2 volts. This corresponds to point Po 
in Fig. 19-15. The solutions v¢,(4) and v¢,(t) can be easily obtained 
with the help of Table 19-1. The numerical values of the pertinent 
parameters for the general solutions in this table are tabulated 
in Table 19-4 for each of the four cells. Observe that since 
(a, + be)? > 4(a1b2 — azb) in all cases, the parameters must be 
evaluated for the aperiodic case. 

Since the initial state Po falls on cell (1,1), we must substitute 
the parameters in column 2 of Table 19-3 with the initial state 


x1(0) = —4 and x2(0) = 2 into the pertinent equations in Table 
19-1. The results are given by 
Vo, (t) = 0.525e~ 0-228t — 4:525e~ 0-628¢ OF (19-76) 


von(t) = 1.143e70-228' 4 1.857e-0.628 1 O<¢<% (19-77) 


The trajectory corresponding to Eqs. (19-76) and (19-77) is plotted 
in Fig. 19-15, where the portion outside cell (1,1) is shown by 
dotted lines for comparison purposes. Observe that had the param- 


TABLE 19-3 The pertinent parameters defining 
the normal-form equations for each cell (k1,k2). 


Parameters for normal- Cell Cell Cell Cell 
form equations (1,1) G2) (2,2) (2,1) 
pipe thy ioe Ee eee 
Gi A 
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(Ga WAN 
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a=-= pe Cpa | 4 a, % a 
a, = 4(4) Vj V, Vs Ve 
Co \A 
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2 


Analysis of autonomous second-order nonlinear networks 


TABLE 19-4 The pertinent parameters defining the solutions for each cell (ky,k2). 


Cell Cell Cell Cell 
Pertinent parameters (ia) (1,2) (2,2) (2,1) 
(a, + be)? 0.73 1.78 1.0 0.405 
4(ayb2 — azb) 0.57 1.33 0.80 0.364 
Equilibrium state (y1,72) (0,—1) (0,1) al) (1,—1) 
Natural mode A, — 0.228 =—O.333 —0.277 = O28 
Natural mode A» — 0.628 —1.0 — 0.723 —0.418 


eters remained unchanged, this trajectory would arrive at the 
“virtual” equilibrium state Q,(0,—1).+ Of course, this trajectory is 
valid only up to the point P;(—2.56,1.22) where it intersects a 
switching line. The coordinates at P; can be obtained either 
graphically as shown in Fig. 19-15 or by substituting Eqs. (19-76) 
and (19-77) for vg, and ve, into the switching-line equation ug, = 
0.5ve, + 2.5; namely, 


fl43e50-229" +1. 85 7en0-628t —.1 
= 0.2625e~0-228t — 2.2625e 0.628 4+ 2.5 


Upon simplification, we obtain 
Meelis ee a. 119 5e 0-one! = 3.5 (19-78) 


Equation (19-78) is a nonlinear transcendental equation in t and can 
be solved by either numerical or graphical techniques. The solution 
is found to be given approximately by ¢ = 0.65=1%,. The co- 
ordinates are found by substituting ¢ = 0.65 into Eqs. (19-76) and 
(19-77); namely, v¢e,(¢ = 0.65) = —2.56 and v¢,(t = 0.65) = 1.22. 

At t = 0.65 the trajectory enters cell (1,2), and hence we must 
now substitute the parameters in column 3 of Table 19-3 with the 
new initial state x1(0) = —2.56 and x2(0) = 1.22 into the pertinent 
equations in Table 19-1 to obtain 


vo,(t) = —1.17e70-3338¢-t) — 1.39e--t) ty St < tp ~—(19-79) 
Yo,(t) = —1.17e-0-338¢-) 4139-41 ty <t<h 
(19-80) 


Observe that since the initial time for this case is 4; and not zero, 
the solution must consist of a translation of the corresponding 
solution in Table 19-1 by 7; units along the time axis. This accounts 
for the term (¢ — 71) in the exponent of the exponentials. Another 
reason for inserting ¢ in the exponents is so that when ¢ = 4, 
Uc, and vo, will satisfy the new initial state at 4 and not at ¢ = 0. 
The trajectory corresponding to Eqs. (19-79) and (19-80) is plotted 
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+ Any equilibrium _ state 
(y1,;Y2) which falls outside 
the cell it pertains to is 
said to be a virtual equilib- 
rium State. 
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in Fig. 19-15. Again, observe that it is valid only up to the point 
P, where it intersects with the switching line vc, = 2vc, + 4. Had 
the parameters for cell (1,2) remained unchanged, this trajectory 
(shown dotted) would have continued until it arrived at the virtual 
equilibrium state Q2(0,1). The time it takes this trajectory to arrive 
at Pe is found to be equal to t= 1.35 =%5. Hence, it takes 
At = 0.7 units of time for the trajectory to move from P; to Pe. 
The coordinates at Pz are vc,(te) = —1.62 and v¢e,(t2) = 0.77. 

At t = fg the trajectory enters cell (2,2), and hence we must 
substitute the parameters in column 4 of Table 19-3 with the new 
initial state x1(0) = —1.62 and x2(0) = 0.77 into the pertinent 
equations in Table 19-1 to obtain 


v¢,(t) = —2.0e-0-277t-t) — 0,62e-0-723-2) 4 1 tp <t <0 
(19-81) 

Vo,(t) = 2.19e70-277¢-t) — 2.420.723) 4. 1 tp Kt <0 
(19-82) 


The trajectory corresponding to Eqs. (19-81) and (19-82) is shown 
in Fig. 19-15. Observe that this time, the trajectory is valid for all 
times ¢ > f2 and will eventually arrive at the equilibrium state 
Ue, = land tg, = I 

To summarize, we found that the piecewise-linear method 
consists of two parts. Part 1 consists of dividing the phase plane 
into nonoverlapping cells. Part 2 consists of finding the solu- 
tions with the help of the general expressions derived in Table 19-1 
and the switching plane. The most time-consuming task in this 
part consists of finding the exact time and coordinates for which a 
trajectory crosses a switching line. Analytically, this involves solv- 
ing a nonlinear transcendental equation of the general form 


AeMt + Bert = K 


To simplify the task, this equation can be easily solved by a com- 
puter or by the construction of tables and normalized graphs. 

It should now be clear that the algorithmic nature of this ap- 
proach is ideally suited for a completely automatic computer 
solution. This approach is especially useful if the same network is 
to be analyzed many times with different initial states or different 
capacitance or inductance values. Then, the switching plane 
remains unchanged, and only part 2 need be carried out. 


Exercise 1: Derive the switching plane of the network shown in Fig. 19-14d from 
the relationships i, and ig as a function of ve, and ve¢,. 


Exercise 2: Derive the switching plane of the network shown in Fig. 19-14d from 
the relationships v1 and i2 as a function of vg, and vg,. 
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Exercise 3: Derive the switching plane for the network shown in Fig. 19-14a by 
choosing the iterative Norton equivalent circuit for R; and Ro. 


Exercise 4: Derive the switching plane for the network shown in Fig. 19-14a but 
with the capacitors replaced by two 1-H inductors. 


Exercise 5: Derive the switching plane for the network shown in Fig. 19-144 but 
with the capacitor C2 replaced by a 1-H inductor. 


Exercise 6: Find the solution u¢,(4) and v¢,(t) of the network shown in Fig. 19-14a 
with C; = 1F and C2 = —1F. Assume that v¢,(0) = —4 volts and vg,(0) = 2 volts. 


Exercise 7: Repeat Exercise 6 with C; = Cp = —1F. 


Exercise 8: Repeat Exercise 6 with the initial state v¢,(0) = —1.0 volt and 
vc,(0) = 3.0 volts. 


19-6 BEHAVIOR OF TRAJECTORIES NEAR AN EQUILIBRIUM STATE 


It was mentioned in Sec. 13-6 that the behavior of autonomous 
nonlinear networks can often be determined by studying the 
behavior of trajectories in the vicinity of each equilibrium state of 
the network. This is especially true for second-order networks 
because of the many geometrical interpretations that we are about 
to derive. Not only can we determine the stability of an equilibrium 
state for this class of networks, but we can also sketch the trajec- 
tories around each singular point without actually obtaining the 
solution. 

For simplicity, we shall assume that the network is piecewise- 
linear and that the singular points do not lie on a switching line. 
Hence, the normal-form equations that describe the behavior of 
the trajectories near each singular point (71,y2) are given by Eqs. 
(19-35) and (19-36), which we reproduce here for convenience. 


dx if 


Gp = a + baa + (19-83) 
oe = d2X1 + bex2 + Ce (19-84) 


Since our objective is to study the properties of the trajectories 
near a singular point Q(y1,72), such as the shaded region shown 
in Fig. 19-16a, it is convenient for us to translate the origin of our 
coordinate system to point Q itself. This is easily done by defining 


1 =\Vit v1 (19-85) 
X2 = yo Y2 (19-86) 


Observe that the singular point x1 = y1, X2 = Y2 becomes Vi = 0, 
y2 = 0 in the new coordinate system as shown in Fig. 19-16b. 
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1JIn more mathematically 
oriented books, the term 
singular point is usually 
used in place of equilibrium 
state. Since they are syno- 
nyms, we shall use them 
interchangeably in order 
that the reader will not 
develop any prejudice 
over either term. 
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Fig. 19-16. In order to investi- 
gate the behavior of the trajec- 
tories near a singular point, it 
is convenient to translate the 
singular point to the origin. 
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In terms of the new coordinates y; and y2, Eqs. (19-83) and (19-84) 
reduce to 


as = ay + biy2 (19-87) 
22 = ays + baye (19-88) 


As we expected, the origin yi = 0, y2 = 0 is the singular point of 
Eqs. (19-87) and (19-88). The trajectories of this system are the 
solution of the phase-plane equation 


Do 


_ aay1 + boye 19-89 
Be ne ee ( ) 


ayyi + biy2 


Since y; and y2 differ only from x; and x2 by a constant [Eqs. 
(19-85) and (19-86)], any property concerning the trajectories of 
Eq. (19-89) near the origin remains valid in the vicinity of the 
singular point Q(71,Y2) of Eqs. (19-83) and (19-84). 

A singular point is stable if all trajectories nearby tend to it as 
t > oo. It is unstable if at least one trajectory nearby moves away 
from it as f > oo. The two trajectories shown in Fig. 19-17a and b 
represent two typical examples corresponding to the aperiodic case 
in Table 19-1. Similarly, the two trajectories shown in Fig. 19-17c 
and d are typical of the spiral case. In all cases the origin is 
assumed to be the singular point, and the arrow points in the 
direction of increasing time. Hence if Po is chosen to be the initial 
state, then the trajectories in Fig. 19-17a and c will tend to the 
origin as t — oo. The opposite behavior occurs in Fig. 19-17b and 
d where the trajectories move away from the origin as t — oo. Ob- 


(a) 
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by, hy, 


ov 


(a) (b) 


ov 


(c) 


serve, however, that this implies that the trajectories in Figs. 
19-17b and d will tend toward the singular point at tf > — oo. 
Hence, we may conclude that a trajectory will tend to the origin 
either as t > co or as tf > — oo. With this property in mind, let us 
now turn to a detailed investigation of the properties of trajectories 
corresponding to the aperiodic case and the spiral case. 


19-6-1 LOCAL BEHAVIOR OF TRAJECTORIES 
IN THE APERIODIC CASE 


An examination of the form of solutions of x;(¢) and x2(¢) in the 
left column of Table 19-1, as well as of the typical trajectories 
shown in Fig. 19-17a and b, shows that any trajectory in the 
aperiodic case will approach the singular point with a unique slope 
either as t — oo or as t > — oo. Our immediate objective is to de- 
rive an expression giving the slope of approach S in terms of 
the parameters a1, b, dz, and be, where S is defined to be 


S= lim 2 (19-90) 
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Fig. 19-17. Four representa- 
tive types of trajectories corre- 
sponding to the aperiodic case 
and the spiral case. 


{There is nothing myster- 
ious about “negative 
time.” If we arbitrarily 
assume the time parameter 
at Po to be ¢t = 0, repre- 
senting the time now, then 
the location of the point 
on the trajectory 5 sec ago 
must correspond to t= 
—5. Observe that we can 
arbitrarily pick the initial 
point and the initial time 
because the system is 
autonomous. Essentially, 
this means that what 
happened yesterday can 
be repeated today using 
the same system with the 
same initial condition. 
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1These must also be the 
only straight-line trajec- 
tories because any other 
Straight-line _ trajectory 
would have a slope differ- 
ent from Eqs. (19-94) and 
19-95). But this contra- 
dicts the property that all 
trajectories must approach 
the origin with slope S; or 
So ast = S00. 
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By the Lhopital rule, Eq. (19-90) can be written as 


5 dt , agi + boye2 
= tim [PAO = tim (8 ) 
ee dy,(t)/dt ze aryi + bye 


aie rearrested da + bp lim ee 


toto~ totoo 


toto 


ay + by2lD/yi() a, + by LyoD/yi9] 
or 
do + boS 
= ee 19-9] 
. a+ b1S ( ) 


Simplifying and solving for S, we find that S may assume two dis- 
tinct values, S; and S2, where 


Ra —(a1 — be) + \V/(ay — be)? + 4b 1a2 


(19-92) 
25 Aus za = 2 
cee (a4 be) V (ar be)? + 4bya2 (19-93) 


2b; 


It can be easily verified that the following simple relationships 
exist between Sj, So, and the natural modes Ay, A> defined in 
Table 19-1: 


ua 


Sy; = ——— (19-94) 
by 

kp (19-95) 
by 

We shall now show that the two straight lines 

ye = Sy (19-96) 

yom Says (19-97) 


are actually trajectories of the network.1 To prove this, it suffices 
to show that Eqs. (19-96) and (19-97) are solutions of Eq. (19-89). 
Hence, substituting Eq. (19-96) into Eq. (19-89), we obtain 


_ (a2 + beS4) 


ind (ay + b1S4) 


(19-98) 


Analysis of autonomous second-order nonlinear networks 


which coincides with Eq. (19-91). This means that we have an 
identity, and the result is proved. A similar proof applies to 
Eq. (19-97). ’ 

The solution y1() and y2(t) corresponding to any trajectory of 
Eq. (19-89) can be found by substituting x,(¢) and x2(f) from 
Table 19-1 into Eqs. (19-85) and (19-86); namely, 


vit) = ayes? + Byer (19-99) 
Jolt) = aget + Bert (19-100) 


where A, and Ag are the natural modes defined in Table 19-1. Ob- 
serve that by definition, 4 is associated with the “positive” radical 
sign. Therefore, for the aperiodic case we have dy > do. 

We shall now show that the relative signs of the natural 
modes determine whether a singular point is stable or unstable. 
If both Ay < 0 and Az < 0, then y,(4) > 0 and yo(t) > 0, as t > 00. 
For the opposite case where both A; > 0 and Az > 0, we find that 
yilt) > c and y2(t) > o0, as to. Finally, if Ay > 0, Ax <0, 
a, 40, and a, #0, then y,(t) > oo and y(t) > o, as t > 00.7 
The above results can be summarized by the following: 


STABILITY CRITERIA FOR APERIODIC CASE 


If both natural modes are negative real numbers, then the origin 
is a stable singular point. If at least one natural mode is a positive 
real number, then the origin is an unstable singular point. 


We can immediately draw four straight-line trajectories of Eq. 
(19-89), two of which tend to the origin with slope S; and two 
with slope S:. The four trajectories corresponding to each of the 
three sign combinations of A; and Az are shown in Fig. 19-18. 
Each of these trajectories is called an eigenvector. 

We found earlier that the eigenvectors are the only straight- 
line trajectories. All other trajectories must, therefore, be curves. 
We shall now develop a simple technique for sketching the re- 
maining trajectories. Suppose we divide Eq. (19-100) by Eq. (19-99). 


al Ong cize col a0 ear Ota) tei BaeN (19-101) 
yi) Tn aye? + Byers “1 ay,+ Bre@2->t 


863 


+The combination A; <0 
and A» > 0 does not exist 
because by our definition 
M1 > rAd. 
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hy 


Slope =S, 


(a) d,<0,4,<0 


Fig. 19-18. There are always 
four straight-line trajectories 
passing through each singular 
point in the aperiodic case. The 
direction of motion along each 
trajectory is determined by the 
relative signs of the natural 
modes. 


=); ey 


Slope = S, 
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AY, AY, 


Slope = S, Slope = S, 


ah 


Slope = S, Slope = S, 


(b) X,>0,A,>0 (c) A, >0,A, <0 


Since Ay > Az or (Ag — Ax) < 0, the coefficient of ¢ is a negative 
number. It follows, therefore, from Eq. (19-101) that 


eee 19-102 
ie yi en ( ) 
and 


_ yet) _ Be 
oe yi) Bi 


(19-103) 


Observe that the left side of Eqs. (19-102) and (19-103) have been 
defined earlier by Eq. (19-90) to be the slope of approach S. Since 
we have already proved that S can assume only one of two values 
as given by Eqs. (19-92) and (19-93), it follows that a2/a, and 
$2/P; must be equal, respectively, to either S; or So. Substituting 
the expressions for a1, a2, 61, and B2 from Table 19-1 into 
Kgs. (19-102) and (19-103), we obtain 


a2 _ Xi(O)a2 + X2(0)(A1 — a1) + (C2 + Y2Az) 
ay — X4(0)(A1 — be) + x2(0)b1 + (c1 + yiAz) 
Be ng X1(O)az + X2(O)(Az — a1) + (C2 + Y2A1) 
Bi = xX1(0)(Az — be) + x2(0)b1 + (C1 + ¥1A1) 


(19-104) 
(19-105) 


Since Eqs. (19-104) and (19-105) are functions of the initial state 
[x1(0),2(0)], which can be arbitrarily chosen, it is a most surpris- 
ing property that both a2/a; and B2/f; are equal to constants in- 
dependent of x(0) and x2(0)! In view of this property, we may cal- 
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culate a2/a; and B2/B, by choosing some convenient parameters 
and initial conditions. One simple choice is x1(0) = 0, x2(0) = 1, 
c; = 0, and cg = 0.7 In this case, Eqs. (19-104) and (19-105) 
reduce to 


a2  Ay—ay 


= = (19-106) 
Ae 
Rae (19-107) 


Comparing Eqs. (19-106) and (19-107) with Eqs. (19-94) and 
(19-95), we find 


nts AO te Oe et eg (19-108) 


t>c yi) ie Qy - by 
fe Bea Nees 19-109 
too vit) Py by ( ) 


The interpretation of Eqs. (19-108) and (19-109) are important 
enough to be stated in the form of a theorem. 


TRAJECTORY SLOPE THEOREM 


The slope of any trajectory of Eq. (19-89) must assume the slope 
S = S; as t > o and the slope S = Sz as t— — oo. 


Since the slope of the eigenvectors is equal to either S; or So, 
it follows from the above theorem that the trajectories must 
be either parallel or tangent to the eigenvector with slope equal to 
S; as t > oo. Similarly, the trajectories must be either parallel or 
tangent to the eigenvector with slope equal to Sz as t—> —o. 
This observation can now be used to sketch the trajectories near 
each singular point. Let us consider some typical cases. 


Case 1: Stable node (A; < 0,42 <0) Let us arbitrarily assume that 
the eigenvectors have been drawn (by the simple technique de- 
veloped above) as in Fig. 19-18a. Since the origin is a stable 
singular point, all trajectories must approach this point as ¢ — oo. 
Moreover, each trajectory must be tangent to the eigenvector with 
slope S; as shown in Fig. 19-19a. An examination of that portion 
of each trajectory corresponding to large negative time (t > — oo) 
shows that they are all drawn approximately parallel to the eigen- 
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+ From Table 19-1 we find 
that cy = cg = 0 implies 
Vie yoi—10: 
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re ie Slope = S 
= ope = 
Slope = S, Tere \| FG | 
} >y 
Slope = S, Slope = S, 
(a) A, <9, r, <0 (b) A, >0,r, >0 (c) r, >0,A,<0 
(stable node) (unstable node) (saddle point) 


Fig. 19-19. The trajectories 
around each type of singular 


point can be easily sketched Vector with slope S». Since all trajectories in this case are seen to 
with the help of the trajectory 


slope theorem. be converging toward a common node, the origin in this case is 
called a stable node. It is important to realize that although 
the exact shape of the trajectories around a stable node will de- 
pend on the parameters of the network, the general behavior, that 
of converging toward the node, will remain unchanged so long as 
Ay <0 and A, < 0. If we imagine that the trajectories in Fig. 
19-19a were drawn on top of a transparent rubber sheet, then the 
new trajectories arising from changing the network parameters 
can be simulated by stretching the rubber sheet, thereby distorting 
the trajectories, in such a way that the sheet is not punctured by 
the stretching process. 


Case 2: Unstable node (A; > 0, 42 > 0) Using the same eigenvectors 
in Fig. 19-185, we now observe that the trajectories must be drawn 
tangent to the eigenvector with slope Sz because these correspond 
to the case where tf + — oo, as shown in Fig. 19-19b. Observe that 
in this case, the portions of the trajectories that tend to infinity are 
drawn parallel to the eigenvector with slope S; (as t > oo). Since 
this behavior is simply the opposite of case 1, the origin in 
this case is called an unstable node. 


Case 3: Saddle point (\; > 0, A» <0) For comparison purposes, let 
us choose the same eigenvectors shown in Fig. 19-18c. In this case, 
all trajectories must follow the direction indicated by the eigen- 
vectors as shown in Fig. 19-19c. Since the trajectories have the ap- 
pearance of a saddle, the origin in this case is called a saddle point. 
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19-6-2 LOCAL BEHAVIOR OF TRAJECTORIES IN THE SPIRAL CASE 


An examination of the form of solutions of x;(¢) and x2(¢) in the 
right column of Table 19-1, as well as of the typical trajec- 
tories shown in Fig. 19-17c and d, shows that the trajectories in this 
case will never approach the singular point with a unique slope. If 
we substitute the expressions for x1(t) and x(t) into Eqs. (19-85) 
and (19-86), we obtain the translated equations 


yi(t) = pre" cos (wt + $1) (19-110) 
yo(t) = p2e7* cos (wt + pz) (19-111) 


where 7 and w are equal, respectively, to the real and imaginary 
parts of the natural modes A, and Az. Again, we shall show that 
these natural modes completely characterize the stability of the 
singular point, and hence the behavior of the trajectories. We shall 
consider three exhaustive cases. 


Case 1: Stable focus (r< 0) Since the cosine function is at most 
equal to unity, Eqs. (19-110) and (19-111) can be written as 


p= vv + y2°D < Ver" + pe” et (19-112) 


where p can be interpreted as the distance from each point 
[v1(4),y2(0)] to the origin. Since both p; and pz are independent of 
time, it follows that if tr < 0, then op > 0 as t— oo. Hence, the tra- 
jectory can be interpreted as a shrinking spiral as shown in Table 
19-1 and Fig. 19-17c. The corresponding time waveforms shown in 
Table 19-1 consist of a damped sinusoid of frequency w. The effect 
of 7 is to decrease the amplitude of the sinusoid and is, therefore, 
called the damping constant. The imaginary part w of the natural 
mode is usually called the natural frequency in this case. The sin- 
gular point in this case is called a stable focus or a stable spiral. A 
network corresponding to this case is usually called an overdamped 
network. 


Case 2: Vortex (r = 0) In this case the solutions y1(¢) and y2(Z) re- 
duce to a pure sinusoidal waveform with natural frequency w. The 
trajectories around the origin in this case consist of a family 
of concentric circles or ellipses. In view of this interpretation, the 
singular point corresponding to ¢ = 0 is called a vortex. 

Since there is no damping in this case, the network is usually 
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said to be lossless. Obviously, this is only of theoretical interest be- 
cause no physical network is truly lossless. 


Case 3: Unstable focus (r > 0) In this case both y(f) and y2(f) tend 
to infinity as ¢ > oo, and the trajectory consists of an expanding 
spiral as shown in Table 19-1 and Fig. 19-17d. This type of sin- 
gular point is called an unstable focus. A network corresponding to 
this case is usually called an underdamped network. 


19-6-3 SUMMARY OF SINGULAR-POINT CLASSIFICATIONS 


We have shown that a singular point of any piecewise-linear net- 
work can be classified according to whether it is a node (stable or 
unstable), a focus (stable or unstable), a saddle (always unstable), 
or a vortex (always stable). The criterion for this classification de- 
pends only on the value of the natural modes A, and dz of 
the network. Because of their frequent appearance, it is convenient 
for us to define 


T=Ceeae) (19-113) 
A= (aybe _— a2b1) (19-114) 


TABLE 19-5 Summary of singular-point classifications. 


Network equations: Singular points: 
dx 2 i 7, %o = 
a = 44X1 + byx2 4+ 4 , Leu uy 


= bice = bec, _ | 42C1 — aA1Ce 
Ob be : aioe ( A ok, ( A 
ype 2X1 + 02X2 + C2 


where A = (ayb2 — azb,) 


T= (a, + be) 
Type of sin- Classi- Aperiodic case Spiral case 
gular point fication TPIEITAUIN 5510) T2-—-4A<0 
NSO 
Stable TREN) 
Node 
es () 
Unstable r>0 
Stable TE <al() 
Focus 
Unstable 1 ee) 
Saddle Unstable << (0) 


Vortex Stable T=-0 
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A A (determinant) 


where the symbol T is sometimes called the trace,1 and the symbol 
A is the determinant of Eqs. (19-87) and (19-88). In terms of these 
symbols, the complete criteria used for classifying the different 
types of singular points are tabulated in Table 19-5. A simple 
method for remembering the criteria listed in this table is to plot 
the parabola 


A = %T? (19-115) 


in the 7-A plane as shown in Fig. 19-20. It is a simple matter to 
verify that each region shown in this figure corresponds to one and 
only one type of singular point. Observe that the parabola separates 
the nodes from the focus, the A axis separates the stable focus 
from the unstable focus, and the T axis separates the saddle points 
from the rest of the singular points. The points on the A axis in 
the upper half-plane correspond to vortex points. The points on 
the parabola as well as the points on the T axis (including 
the origin) correspond to A; = Az, Ag = 0, or Ay = Az = 0; all 
these cases have been previously excluded from consideration in 
Table 19-1. They represent degenerate cases and therefore require 
special methods to determine the nature of the singular points. 
Fortunately, these points are only of theoretical interest because 
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T (trace) 


Fig. 19-20. Complete singular- 
point classification diagram in 
the T-A plane. 


1If we write Eqs. (19-87) 
and (19-88) in matrix form, 
then the sum of the diag- 
onal elements is usually 
called@sthe Wi traceizn 
mathematics. 
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1This follows from the ob- 
servation that a small num- 
ber raised to a power 
greater than or equal to 2 
becomes smaller. 
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they will never occur in any practical network, for one needs exact 
component values to realize degenerate singular points. 

The above singular-point classification criteria have been de- 
rived for the case of a piecewise-linear network described by the 
normal-form equations (19-83) and (19-84). We shall now show 
that the same criteria are applicable to any normal-form equation 
which can be written into the form 


On = = ayyi + Diy2 + 2101.2) (19-116) 
on = a2y1 + boy2 + ge2( 1,2) (19-117) 
where 21()1,/2) and go(y1,y2) represent higher-degree polynomials 
in yi and yp. It is assumed that gi(0,0) = g2(0,0) = 0 so that the 
origin is the singular point in question. In this case, we shall 
classify the type of the singular point on a strictly local basis, that 
is, we shall investigate the behavior of trajectories within a very 
small, possibly infinitesimal, neighborhood of the origin. Under 
this assumption, 21(/1,v2) = 0 and go(y1,y2) = 0 because yy and 
yz are assumed to be very small.1 In other words, the behavior of 
the trajectories of Eqs. (19-116) and (19-117) in a small neighbor- 


hood of the origin is identical with the behavior of the linearized 
system 


oa ay eaby (19-118) 
dy2 
a= a2y1 + boys (19-119) 


Hence, the classification criteria given by Table 19-5 are also ap- 
plicable here. We must emphasize, however, that the trajectories 
will behave according to the prediction only within a small neigh- 
borhood of the origin. 

Consider now the general system of normal-form equations 


d. 
Gh = filux2) (19-120) 
d. 
Se) (19-121) 
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The singular points are the solutions of fi(®1,.x2) = 0 and 
J2(x1,x2) = 0. It suffices to consider one singular point (y1,y2) at a 
time. Suppose we apply the Taylor series expansion for a function 
of two variables about the singular point x; = y; and x2 = yo. 


fil®1,X2) = fi(y72) + ay(x1 — y1) + bi(x2 — y2) 
+ higher-degree terms in (x — y1) and (x2 — y2) (19-122) 


S2(%1,X2) = fo(y.¥2) + 42(x1 — 1) + bo(x2 — Y2) 
+ higher-degree terms in (x1 — y1) and (x2 — yz) (19-123) 


where 
a, — 2fi@1%2) b, = fiux2) 
0X4 %1=71 0X2 m=Y1 
t2—=Y2 t2=Y2 
19-124 
i Ofo(X1,X2) hs. Ofo(X1,X2) ( ) 
0x4 m1=Y1 0X2 m=Y1 
t2=y2 L2=y2 


Observe that since (y1,72) is a singular point, fi(y1,y2) =/2(71,72) =0. 
Hence, if we translate the origin to (y1,y2) as before by defining 
(x1 — v1) = yi and (x2 — y2) = ye, then Eqs. (19-120) and (19-121) 
become 


os = a1)1 + byy2 + higher-degree terms in yj and yo ~—— (19-125) 


Ge = d2y1 + bey2 + higher-degree terms in y; and yp ~— (19-126) 


Observe that Eqs. (19-125) and (19-126) are exactly of the same 
form as Eqs. (19-116) and (19-117). Hence, the singular-point 
classification criteria given in Table 19-5 are also applicable to this 
general case. The pertinent coefficients a1, 51, a2, and bg are simply 
obtained by finding the appropriate partial derivatives at the 
singular point in question. The same procedure can obviously be 
applied to all singular points of Eqs. (19-120) and (19-121). 


19-6-4 THE PHASE PORTRAIT 


If the origin is the only singular point, as is true in the case of 
a second-order linear network without independent sources, then 
the system of trajectories corresponding to each type of singular 
points as shown in Fig. 19-19 will provide a complete “picture” of 
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1A user-oriented computer 

program for carrying out 
a phase-plane analysis has 
been developed for this 
purpose. For details of this 
program, see L. O. Chua 
and F. B. Moyer, Com- 
puter-Aided Phase Plane 
Analysis, J2th Midwest 
Symp. Circuit Theory, Uni- 
versity of Texas, Austin, 
Tex., pp. I1.2.1-II1.2.12, 
April 21-22, 1969. 
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the network’s behavior. If the linear network contains independent 
sources, there will still be only one singular point located at x1 = y1 
and X2 = yz. In this case, the system of trajectories in Fig. 19-19 
can be simply translated from the origin to the singular point 
(y1,Y2). We shall refer to the system of trajectories which depict the 
network’s behavior in the entire phase plane as the phase portrait. 

If the network is piecewise-linear or nonlinear, there will 
generally be more than one singular point. In this case the phase 
portrait becomes more complicated, and more interesting, too; but 
in any case it can be obtained by applying the properties developed 
in the previous sections. The systematic procedures for obtaining 
the phase portrait associated with a nonlinear network can be out- 
lined as follows:1 


Step 1. Find the location of all singular points. 


Step 2. Classify the type of each singular point by the criteria 
given in Table 19-5. 


Step 3. If a singular point (y1,yz) is either a node or a saddle, 
determine the limiting slopes S$; and S»2 and plot the 
corresponding eigenvectors with the proper direction of 
motion indicated by an arrow. 


Step 4. Apply the trajectory slope theorem of Sec. 19-6-1 to sketch 
the system of trajectories around a small neighborhood of 
each node and each saddle. 


Step 5. Sketch the system of spiral trajectories around a small 
neighborhood of each focus. 


Step 6. Based on the systems of trajectories drawn around the 
neighborhood of all singular points, it is usually possible 
to draw a system of “connecting” trajectories that will go 
from one singular point to another. The resulting phase 
portrait, of course, gives only an approximate picture, but 
this is often satisfactory for most practical purposes. After 
all, the main value of the phase portrait is to provide 
qualitative, not quantitative, information concerning the 
network’s behavior over the entire phase plane. 


Exercise 1: Derive Eqs. (19-87) and (19-88) by substituting Eqs. (19-85) and 
(19-86) into Eqs. (19-83) and (19-84). 


Exercise 2: Derive Eqs. (19-94) and (19-95) and verify that the slopes of approach 
are equal numerically to the natural modes for any network described by 
dx;/dt = Xo, dxe/dt af Ox iyvo): 
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Exercise 3: By an appropriate choice of parameter values in Eqs. (19-104) and 
(19-105), derive the following useful relationships: 


li yalt) — aid = a2 = 
~ en vit) ay Ny — be 7 
yh Hg OIL Lag 


ts—o yr(t) WIL MMe =2b, it 


Exercise 4: Prove that only four trajectories can pass through a saddle point, 
namely, the eigenvectors. 


Exercise 5: Sketch the general form of the trajectories around the three types of 
singular points of the equations dx,/dt = x2 and dx2/dt = Jf (%1,X2). Verify that 
the eigenvectors corresponding to a stable node must always lie in the second 
and the fourth quadrants. 

Exercise 6: Verify the relationships given in Eq. (19-106) and (19-107) by using 
the data obtained in the example given in Sec. 19-5. 

Exercise 7: Verify the entries in Table 19-5 and the geometrical interpretation 
given in the T-A plane shown in Fig. 19-20. 


Exercise 8: Sketch the phase portrait for the network shown in Fig. 19-14a. 


19-7 SUMMARY 


Basic philosophy An autonomous second-order nonlinear network 
is best analyzed in two phases. The first phase consists of a quali- 
tative analysis wherein the general behavior of the network over all 
possible initial states is determined. In this phase of analysis a cer- 
tain amount of inaccuracies can be tolerated because we are 
looking at the network from a global or macroscopic point of view. 
Once the general properties of the trajectories are known, we can 
then proceed to the second phase. In this phase of analysis we 
seek to find the exact solution waveforms corresponding to some 
meaningful choice of initial states. The initial state to be chosen 
depends on what we are looking for. If, from the qualitative 
analysis, we found the network had a stable limit cycle, then we 
might be interested in finding the steady-state solution by choosing 
an initial state which falls on the limit cycle. On the other hand, if 
we are interested primarily in the transient behavior of a network 
during a switching operation, then the initial state ought to be 
chosen accordingly. 


Qualitative analysis This is obtained by constructing the vector field 
associated with the normal-form equations of the network. The 
vector field can be obtained by either a brute-force method requir- 
ing the use of a computer with plotting capability or by the 
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isocline method. In order to be practical, the isoclines of a non- 
linear network can be obtained by applying the isocline network 
theorem. This theorem establishes the important relationship be- 
tween the isocline of a dynamic network and the TC plots of the 
associated resistive isocline network. 

Another, less accurate but simpler, approach for obtaining the 
qualitative properties of the solution is to construct the phase por- 
trait associated with the network. The phase portrait is simply 
a collection of trajectories corresponding to different initial states, 
and can therefore be constructed from the vector field. However, a 
simpler approximate procedure would be to find the location and 
type of all singular points. The system of trajectories can be 
sketched by applying the trajectory slope theorem and the other 
properties developed in this chapter. 


Quantitative analysis If the normal-form equations can be obtained 
without much difficulty, then the numerical techniques can be 
used for obtaining the solution waveforms corresponding to any 
initial state. A more practical approach would be to apply the 
piecewise-linear method developed in Sec. 1. The key to this 
method is the construction of the switching plane associated with 
the network. One advantage of this method over numerical tech- 
niques is that the solutions can be obtained in a semianalytical 
form, thereby providing much more insight into the effect of some 
circuit parameters on the networks’ behavior. 


PROBLEMS 


19-1 A simple “compass and ruler” technique called Lienard’s method 
can be used to construct the trajectories, and hence the phase 
portrait, associated with any network which is described by the 
normal-form equation dx;/dt = x2 and dx2/dt = —f(x2) — x1. 
The method is based on the observation that the slope 


ES ea AES) 


dx, Xe 


at each point P(x1,x2) in the phase plane can be obtained by 

plotting first the curve x; = —f(x2) and then drawing a director 

perpendicular to the line connecting points P and Q, as shown in 

Fig. P19-1. 

(a) Based on the graphical construction shown in Fig. P19-1, 
describe the procedure for drawing the trajectory starting at 
any initial state Po by using only a compass and a ruler. 

(b) Construct the phase portrait by the above procedure for the 
linear system dx;/dt = x2 and dx2/dt = —x. 


BOEZ 


19-3 


19-4 


19-5 


ENG 
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(c) Use Lienard’s method to obtain the limit cycle of Rayleigh’s 
equation dx ;/dt = x2 and dxe/dt = «(x2 — 4x23) — x1 with 


en—10 33 
Slope = “2 - 


~ x46 (xp) 
P (x1, %2) 


3|- 


Show that Lienard’s method described in Prob. 19-1 can be 
generalized so that it can be applied to the normal-form equations 
dx;/dt = Xz and dx2/dt = —f(x2) — g(x1) by plotting the two 
curves x; = —f(x2) and xz = —g(x;) in the phase plane. 


Repeat Prob. 19-2 for the normal-form equations dx,/dt = 
Xe + 2(x1) and dxe/dt = —x1 — f(x2). 


Repeat Prob. 19-2 for the normal-form equations dx,/dt = 
xq + g(x1) and dx2/dt = —x, — f(x). 


A limit cycle IT is said to be stable (unstable) if all trajectories 
starting inside and outside of I converge to (diverge from) I as 
t — o. It is said to be semistable if all trajectories starting inside 
of I converge (diverge) and those starting outside of I’ diverge 
(converge) from I’, as tf > oo. 

(a) Sketch a typical phase portrait associated with each of these 
three types of limit cycles. 

(b) It often turns out that a nonlinear system possesses several 
concentric or “nested” limit cycles. Sketch a typical phase 
portrait with this property and verify that the limit cycles in 
this case must alternate from stability to instability. 

(c) As the system parameters are varied continuously, the limit 
cycles will move from their original positions. Use this ob- 
servation to demonstrate how a semistable limit cycle may 
occur at some critical parameter values. 


If the normal-form equations dx;/dt = fi(x1,x2) and dx2/dt = 
f2(x1,X2) possess the property that the expression 
Freee Ofa(X1,%2) Ofo(X1,x2) 

Ox1 0X2 
never changes sign in a region (without holes) D of the phase 
plane, then no limit cycle can exist in D. This is known as 
Bendixon’s theorem. 


Fig. P19-1. 
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Fig. P19-8. 
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(a) Prove Bendixon’s theorem by applying Green’s theorem 
given in most advanced calculus or electromagnetic field 
theory books. 

(b) Apply Bendixon’s theorem to prove that the Van der Pol 
equation cannot have a limit cycle within the region D de- 
fined by —-l C x1 << 1, —-O << X2< Ow. 

(c) Use Bendixon’s theorem to prove that a capacitor-loaded 
second-order network cannot possess a limit cycle if the 
incremental conductances di;/dv; and diz2/dv2 of the dec- 
resistive nonlinear network N in Fig. 19-5a (with port 2 and 
port 1 terminated, respectively, by a battery of voltage E) 
are positive for all values of E. 

(d) Give the results corresponding to (c) for the inductor-loaded 
case. 

(e) Repeat (c) for the inductor-capacitor-loaded case. 


Prove that Bendixon’s theorem remains valid if F(x1,x2) in Prob. 
19-6 is replaced by 


F(x1,X2) pe OLg(X1,X2)fi(%1,X2)] i O[g(%1,X2)f2(x1,X2)] 


OX1 0X2 


where g(x1,X2) is any continuously differentiable functions of x1 
and x2 in the region D. 


Prove that if the two capacitors of an autonomous second-order 
network are characterized by charge-controlled v-q curves, then 
the isoclines in the g1-q2 phase plane can be determined in three 
steps. (a) Solve for the v2-vs.-v; TC plots of the normalized 
isocline network 1 shown in Fig. P19-8a or the v,-vs.-v2 TC plot of 
the normalized isocline network 2 shown in Fig. P19-8d. (5) Per- 
form a graphical composition between the v2-q2 curve of capacitor 
C2 with each vg-vs.-v; TC plot or a graphical elimination between 
the v2-g2 curve with each vj-vs.-v2 TC plot. The result is a curve 
in the q2-vs.-v; plane. (c) Perform a graphical elimination between 
each qe-Vvs.-v; curve obtained from step 2 with the v1-q1 curve of 
capacitor Cy. The result is the desired isocline in the q1-q2 plane. 


(a) (b) 


By a procedure similar to that given in Prob. 19-8, derive a 
method for constructing the isoclines associated with a flux-con- 
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trolled inductor-loaded network from the normalized isocline net- 


work | shown in Fig. P19-9a or the normalized isocline network 
2 shown in Fig. P19-9b. 


(a) (b) 


19-10 By a procedure similar to that given in Prob. 19-8, derive a 
method for constructing the isoclines associated with a charge- 
controlled capacitor and flux-controlled inductor-loaded net- 
work from the normalized isocline network 1 shown in Fig. 
P19-10a or the normalized isocline network 2 shown in Fig. 
P19-10b. 


(a) (b) 


19-11 Prove that if the capacitor-loaded network shown in Fig. P19-11 
possesses a flip-over symmetry with respect to a vertical axis 
through the center of N, then all isoclines in the v;-v2 plane are 
symmetrical with respect to the 45° straight line through the 
origin. Moreover, the slopes m and m’ of each symmetric pair of 
isoclines are related by m’ = 1/m. This result is referred to as 
the vertically symmetric isocline network theorem. HINT: Consider 
both isocline networks (but label the variables of one of them by 
primes) and then flip over the unprimed isocline network about 
the axis of symmetry. 


1 Axis of symmetry 


Fig. P19-9. 


Fig. P19-10. 


Fig. P19-11. 
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19-16 


19-17 


Fig. P19-17. 
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Prove that if the capacitor-loaded network shown in Fig. P19-11 
possesses rotational symmetry with respect to an axis perpendicu- 
lar to the center of N, then all isoclines in the vy-ve plane are 
symmetrical with respect to the 135° straight line through the 
origin. Moreover, the slopes m and m’ of each symmetric pair of 
isoclines are related by m’ = —1/m. This result is referred to as 
the rotationally symmetric isocline network theorem. 


Derive the vertically symmetric isocline network theorem (see 
Prob. 19-11) and the rotationally symmetric isocline network theorem 
(see Prob. 19-12) for the following: 

(a) The inductor-loaded network. 

(b) The inductor-capacitor-loaded network. 


Classify the singular points of the tunnel-diode network shown in 
Fig. 13-18c of Chap. 13. Sketch the phase portrait of this network 
by the technique described in Sec. 19-6-4. 


Classify the singular points of the twin tunnel-diode switching 
network shown in Fig. 19-1la. Sketch the phase portrait of this 
network by the technique described in Sec. 19-6-4. 


Derive the switching plane associated with the twin tunnel-diode 
switching network shown in Fig. 19-1la. Find the solution wave- 
forms corresponding to the initial state P, shown in Fig. 19-12. 


The vacuum-tube circuit shown in Fig. P19-17 is called the 

Eccles-Jordan or cross-coupled multivibrator and is the workhorse 

of many instrumentation circuits. 

(a) Find the singular points of this circuit. 

(b) Calculate the coefficients ay, by, a2, and by for Eq. (19-89) 
corresponding to each singular point of this circuit. 

(c) Classify each singular point with the help of Table 19-5. 


9+ 250 volts 


The circuit shown in Fig. P19-18 is the transistorized version of 
the Eccles-Jordan multivibrator circuit. (See Prob. 19-17.) 


(a) 
(b) 


(c) 
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Find the singular points of this circuit. 

Calculate the coefficients a;, by, a2, and be for Eg. (19-89) 
corresponding to each singular point of this circuit. 
Classify each singular point with the help of Table 19-5. 


°o+6 volts 


19-19 (a) Show that a nonautonomous first-order system described by 


19-20 


(b) 


dx/dt = f(x,t) can be analyzed by an equivalent autonomous 
second-order system described by 


Find the singular points of the equivalent second-order 
system. 


A computer program for constructing phase portraits can be used 
to analyze a nonautonomous first-order network N by transform- 
ing it into an equivalent autonomous second-order network N*. 


(a) 


(b) 


Show that N* can be constructed from N by adding only one 
energy-storage element and one independent current source. 
Hint: Use the result of Prob. 19-19 to transform each ac- 
independent source in N into an appropriate nonlinear con- 
trolled source. 

In order to apply the iterative piecewise-linear method of 
analysis, show that each nonlinear controlled source can be 
modeled by an appropriate nonlinear resistor and two /inear 
controlled sources. 


Fig. P19-18. 
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20 ANALYSIS OF nTH-ORDER 


20-1 BEYOND THE SECOND-ORDER AUTONOMOUS NETWORK BARRIER 


So far we have been able to develop several methods for analyzing 
first-order autonomous and nonautonomous networks, as well as 
second-order autonomous networks. Most of the qualitative prop- 
erties of these networks have been derived from simple geometrical 
interpretations. Unfortunately, beyond this class of dynamic net- 
works lies the huge class of higher-order networks for which 
geometrical methods and interpretations are less useful, if not 
completely useless. This is due to the necessity to consider higher- 
dimensional spaces, thereby losing the simplicity inherent in the 
two-dimensional plane. For example, the concept of drawing the 
phase portrait associated with each type of singular point is 
no longer applicable in higher-dimensional networks. Neither does 
the exhaustive classification of singular points into a node, focus, 
saddle, or vortex admit to an n-dimensional generalization. In 
view of these difficulties, the analysis of any higher-order dynamic 
nonlinear network invariably requires the use of a digital computer. 

It is clearly unrealistic to attempt to cover the complex sub- 
ject of higher-order network analysis in one chapter. Our object 
in this final chapter will, therefore, be a modest one. In contrast 
with the detailed exposition given in the preceding chapters, we 
shall merely present a survey of various techniques for analyzing 
practical nth-order nonlinear networks. These techniques can be 
categorized into five different approaches: (1) the numerical ap- 
proach, (2) the piecewise-linear approach, (3) the heuristic ap- 
proach, (4) the qualitative approach, and (5) the approximate 
analytical approach. 
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20-2. THE NUMERICAL-INTEGRATION APPROACH 


Any nth-order nonlinear network can be represented as shown in 
Fig. 20-la, where the n energy-storage elements have been brought 
out explicitly across an n-port ac-resistive nonlinear network N. 


The normal-form equations describing this network, if they exist, 
are given by 


a SNA Xtetss, = che sXppk) ad ee 7) (20-1) 
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Fig. 20-1. An nth-order non- 
linear network and its equiva- 
lent representation as a resis- 
tive n-port network terminated 
by appropriate independent 
voltage sources and current 
sources. 


ac - resistive 
nonlinear 
N- port 
network 
N 


(b) 
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1A general treatment of 
this subject can be found 
in L. O. Chua and R. A. 
Rohrer, On the Dynamic 
Equations of a Class of 
Nonlinear RLC Networks, 
IRE Trans. Circuit Theory, 
vol. CT-12, no. 4, pp. 474— 
489, December, 1965. 
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where the state variables x; may denote capacitor voltages or 
charges for i < k and inductor currents or flux linkages for 
ae ea | 

In theory the solution of Eq. (20-1) corresponding to any 
initial state can be found by the numerical techniques described 
in Sec. 4-7. In practice, however, there are two serious problems 
that must be overcome. The first problem is the derivation of the 
normal-form equation in analytic form. This is often a difficult, if 
not impractical, task because it entails not only the fitting of each 
nonlinear characteristic curve by an equation, but also the solu- 
tion of a system of nonlinear transcendental equations. The second 
problem is even more fundamental in nature; namely, the normal- 
form equation may not exist as a result of the choice of incomplete 
network models (see Sec. 14-5). A discussion of the conditions for 
guaranteeing the existence of normal-form equations is beyond the 
scope of this book.t However, as a practical guide it is safe to say 
that if well-established network models, which usually contain at 
least one parasitic inductance and one parasitic capacitance, are 
chosen, then most likely the normal-form equation will exist. This 
leaves us with only the first problem to worry about. 

Our experience with the constant-slope network theorem and 
the isocline network theorem suggests that we may be able to 
overcome this problem by avoiding it. Suppose we write the equa- 
tions of motion of the network shown in Fig. 20-la in terms of the 
state variables vg, and i,,; namely, 


advo, l 


(20-2) 


where C(vo,;) = dq(vo;)/dve,; and L(iz,;) = dpiz;)/dip,; are the incre- 
mental capacitance and the incremental inductance, respectively. 
Suppose we are given the initial states v¢e,(fo), Ves(to), - . . » Ve, (to), 
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iLy41(40), iLy.2(to), - -  » ix,(to) and are required to find the solutions 
during some prescribed time interval to < ¢ < t;. Observe that if 
we replace each capacitor by a voltage source v¢,(to), 7 = 1,2,...,k 
and each inductor by a current source iz; (to), J=kK+1,k+2,...,n, 
we would obtain the resistive network shown in Fig. 20-15 (with 
tj = to). We can, therefore, develop an automatic computer pro- 
gram to solve for the capacitor currents ic,(to) and the inductor 
voltages vz,;(to) at to. If we divide the time interval (o,f) into dis- 
crete increments of time with a step size At = h, then the solution 
of Eq. (20-2) at 4, = % + A can be approximately determined by 
applying the Euler algorithm! described in Eq. (4-61) or Sec. 4-7-1; 
namely, 


vo,(tr) = ve,(to) +h oe ic(t) | 
Vo,(t1) = Ve,(to) + ala — Coto) ieslt) 
1 ‘ 
vo,{t1) = vo, (to) == he) icxto) (20-3) 
itwalls) = tiaalto) + | =~ nl) | 
ig( 4a) = tnata) + |b rato) 


The above procedure can, of course, be iterated to find the values 
of vc, and iz, at t= fe, tz, .. . , ty. Hence, to find the values 
of ve, (41), - - «5 Vex(ti4 > ttn (G41), +--+» in,(t41), We simply solve 
for the capacitor currents ic,(t;), . . . , i¢,(t;) and the inductor volt- 
ages Up,,,(tj), -.» > UL,(t;) of the resistive network shown in Fig. 20-15 
at t = 4. If we assume a uniform step size h, then a total of 


E10) 
es h 


iterations will be required to obtain the solutions over the pre- 
scribed time interval. Obviously, in order to be practical, the 
above procedures must be implemented automatically on a com- 
puter. Several such user-oriented programs are currently available, 
and no doubt many faster and more general programs will become 
widely available in the near future.” 
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1In view of its simplicity, 


the Euler algorithm is 
chosen here mainly for 
pedagogical reasons. In 
practice, more accurate al- 
gorithms are usually used 
in automatic network anal- 
ysis computer programs. 


2 These user-oriented pro- 


grams are all written 
under the assumptions 
that the normal-form 
equation exists and that 
the network possesses a 
unique solution. This is, of 
course, not true in general. 
For a more detailed dis- 
cussion of the subtle 
points involved in the 
development of any gen- 
eral user-oriented com- 
puter programs, see 
Franklin F. Kuo and 
Waldo G. Magnuson, Jr., 
“Computer Oriented Cir- 
cuit Design,” Prentice- 
Hall Inc. Englewood 
Cliffs, N.J., 1969. 
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20-3 THE PIECEWISE-LINEAR APPROACH 


The numerical-integration approach suffers from at least two very 
serious problems. The first problem concerns the accuracy of the 
solution. Since the integration formula is never exact, the solution 
obtained by any numerical technique is always subject to numer- 
ical inaccuracy, and the basic problem is to keep the errors from 
building up. One obvious method is to keep the step size down to 
as small a value as possible. But this also increases the time 
it takes to complete the iterations. This leads to the second prob- 
lem, namely, to find more efficient methods for solving the resis- 
tive network in Fig. 20-15. Remember, this network must be solved 
during each iteration and is therefore the main time killer in the 
entire algorithm. 

An alternate method which is sometimes more practical is the 
piecewise-linear approach. Suppose we extract all nonlinear resis- 
tors from the network N of Fig. 20-1a as shown in Fig. 20-2a. From 
this we obtain the iterative piecewise-linear network shown in Fig. 
20-2b. Notice that the (m + n)-port network N is a linear resistive 
network, and hence it is a simple matter to derive the transfer 
voltage or current relationships from the nonlinear resistors in 
terms of the capacitor voltages vg, and the inductor currents iz,. If 
the network is autonomous, then these relationships assume the 
general form 


01 = Ay10¢, + M1200, + + +» + Aiko, + A1xgeeying.s ++ ++ + Ainit,t+ Ki 
v2= Have, + H22d0, + +>» + Hove, + Hece+tyltns + +++ + Hentz, + Ke (20-4) 


Um = Hmive, + Hm2vo,+ +++ + Amie, + Ameritas +++ + + Hmnitn, + Km 
where H;; and K; are constants. By imposing the constraint 
KEG Uj CREF (20-5) 


corresponding to each pertinent segment k of resistor R;, we ob- 
tain a set of inequalities defining a cell in the n-dimensional space 
in exact analogy with the two-dimensional case. Since the network 
is linear while operating in a cell, the solution can be obtained by 
a number of more accurate and less time-consuming numerical 
methods. The concept of a switching space is clearly applicable 
here, only this time we must use a computer to check when 
the boundary of a particular cell is intersected by the trajectory. 
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(a) (b) 


Fig. 20-2. An nth-order non- 


The complete procedure for obtaining the solution is similar  'near network and its associ- 
ated iterative piecewise-linear 


to the two-dimensional case described in Sec. 19-3. Bene 

If the network is nonautonomous, the procedure remains 
valid, only this time the coefficients Hj; and K; will be functions gine alternate procedure in 
of time. But since a computer is being used anyway, these time- 7 epebeptoctaterthe 8 


: ; consists of extracting all 
varying coefficients do not create any new problem.! ac sources in a manner 
similar to that described 
in Sec. 18-3-2. If there are 
@ ac sources, then Eq. 
(20-4) will be a function 
of a additional variables. 
However, the coefficients 
Hy; and Kj; will now be 
constants. 


20-4 THE HEURISTIC APPROACH 


In many practical networks it is possible to arrive at a satisfactory 
analysis by making use of some simplifying assumptions or ideal- 
izations. If a network is not too complex, it is sometimes possible 
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to predict its behavior by appealing to the physics of the devices. 
On other occasions a network may possess certain special features, 
such as symmetry, which will lead to a drastic simplification in the 
analysis. The ability to uncover these special features and to take 
advantage of them depends a great deal on the engineer’s experi- 
ence and intuition. Since most of these techniques are of a very 
specialized, if not approximate, nature, it is not possible at present 
to unify them into a well-organized theory. In the absence of a 
better name, these techniques will be referred to as the heuristic 
approach. 

It must be emphasized that in many practical networks the 
heuristic approach is not only easier but also more illuminating. 
We should, therefore, never refuse to learn a particular method only 
because it is not of sufficient generality. On the contrary, these 
methods are usually extremely valuable, provided the user knows 
exactly the simplifying assumptions and limitations that invariably 
characterize them. 

In order to illustrate the value of the heuristic approach, let 
us consider an example. 


EXAMPLE 


Consider the tunnel-diode multivibrator circuit shown in Fig. 
16-10a, which we reproduce as Fig. 20-3a for convenience. The 
dynamic route of this network exhibits horizontal jumps as shown 
in Fig. 16-10. This corresponds to instantaneous jumps in the in- 
ductor voltage waveform v;(?) as shown in Fig. 16-115. Earlier, in 
Sec. 14-6, we postulated the jump phenomenon in order to bypass 
the multivalued character of the normal-form equation. We have 
also shown that a more satisfactory, though more complicated, ap- 
proach is to introduce one or more parasitic elements so that the 
normal-form equation becomes single-valued. For example, if we 
introduce a parasitic capacitor across the tunnel diode as shown in 
Fig. 20-3b, the normal-form equation is easily found to be given 
by 

diz, me UGise Ri, — [E + U;(2)] 


= (20-6) 
dog _ _ [g(ve) + iz] 
fae a eo (2057) 


where g(vc) denotes the tunnel diode vg-ig curve. Equations (20-6) 
and (20-7) represent a system of nonautonomous normal-form 
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ig. 20-3. The step-by-step procedure for analyzing a second-order nonautonomous nonlinear network as two first-order autonomous 
retworks. 
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1QObserve that this is a 
fictitious current source 
which we introduced in 
order to avoid violating 
KCL. After all, even an 
approximate method must 
be consistent with both 
KCL and KVL at all 
times. 


2Observe that the time 
scale in the waveform 
shown in Fig. 16-11 must 
be greatly expanded in the 
vicinity of f in order to be 
able to mark off the corre- 
sponding transition time 


T 
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equations, and can be solved by either the numerical-integration 
approach or the piecewise-linear approach. The resulting solution 
will be very nearly that obtained in Fig. 16-11. The only significant 
difference lies in the fact that instead of a vertical jump, the solu- 
tion waveform changes extremely fast. 

Heuristically, it seems that the parasitic capacitor plays a 
significant role only during the fast-changing phase of the solution 
waveform. This is a reasonable assumption because the value of C 
being very small (a few picofarads), the current ig = C duc/dt will 
also be negligibly small, unless dvg/dt is very large. Hence, we 
conclude that we may replace the capacitor by an open cir- 
cuit most of the time, and the dynamic route shown in Fig. 16-105 
is, therefore, also applicable most of the time except during jumps. 
Observe that if we assume that the dynamic route jumps instan- 
taneously at t = &, then du;(t)/dt = oo, and since vg = Ri, + E + 
u(t) + vz, it follows that dvc/dt = oo at t = ty. This means that 
even though C is very small, i¢ = C dvc/dt is not negligible at 
t = ty. Hence, to calculate the waveform during the transition from 
point 5 to point c as shown in Fig. 16-105, we must put the capac- 
itor back. Observe, however, that since the solution waveforms in 
Fig. 16-11 are obtained with the assumption that ic = 0, if we con- 
nect the capacitor suddenly across the tunnel diode at t = # as 
shown in Fig. 20-35, the currents at node a will not satisfy KCL 
because 


ict) = ae 


0 
ai a a 


(20-8) 
In order to remove this inconsistency, we may connect a compen- 
sating current source! with a terminal current equal to ic(t,) as 
shown in Fig. 20-3c. We can, therefore, consider this as an “ap- 
proximate” equivalent circuit that applies during the very short 
transition time 7; it takes the dynamic route in Fig. 16-10b to 
move from point 5 to point c. From experience, as well as from 
intuition, we know 
T, < 71 (20-9) 
where 7; is the time constant of the inductor.2 This means that for 
most practical purposes, the inductor current will change very 
slightly during the transition time interval T,, and hence for 
purposes of analysis we may replace the inductor by a current 
source with a terminal current equal to i(f,) during the entire 
interval 7;, as shown in Fig. 20-3d. Observe that the resistor- 
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battery-triggering-source combination in the original circuit is 
redundant during this time and has been replaced by a short 
circuit.t 

The circuit shown in Fig. 20-3d is an approximate equivalent 
circuit that applies on/y during the transition time T,. Observe that 
it is a first-order autonomous network. Hence, we can apply the 
techniques developed in Chap. 14 to obtain the capacitor voltage 
and current waveforms. First, we must obtain the DP plot across 
the black box N in Fig. 20-3d. This is shown in Fig. 20-3e. The 
dynamic route starting at the initial state b is readily sketched as 
shown in this figure. Recall that the circuit shown in Fig. 20-3d is 
valid only up to the time when the dynamic route arrives at point c. 
After this time the transition is completed, and du¢/dt is no longer 
significant. This means that the capacitor can be removed again 
after the dynamic route arrives at point c. At the same time, the 
change in the inductor current is no longer negligible, and hence 
we must put the inductor back. In other words, after the dynamic 
route arrives at point c, we must go back to the original circuit in 
Fig. 20-3a. 

The waveforms of v¢(Z) and in(t) = —ic(t) corresponding to 
the dynamic route in Fig. 20-3e are easily sketched as shown 
in Fig. 20-3f and g. The transition time 7; is easily seen to be 
given by 7, = T; + Te, where 


Eq — Ee 
=— ———— 20-10 
T; reC In oe ( ) 
= Fa — Es 20-11 
Oh diag ( ) 


The typical value of 7, is in the order of a few nanoseconds. 

From Eqs. (20-10) and (20-11) we can draw the conclusion 
that the larger the value of the parasitic capacitance C, the larger 
the value of the transition time. Hence, it is impossible to accom- 
plish an instantaneous jump (7, = 0) unless C = 0. 


The above example illustrates how a higher-order network 
may be reduced to a lower-order network during appropriate time 
intervals. In general, this technique can be applied to circuits 
having two or more time constants which differ greatly in their 
orders of magnitude. For example, the “coupling capacitor” used 
to couple the output signal from one black box into the input ter- 
minals of another black box can usually be replaced by a short cir- 
cuit for purposes of analysis. Even if we are using a completely 
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1 Recall the redundant series 
element property in Sec. 
tsk 
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+ For purposes of analysis, 
it is convenient to assume 
that the two frequencies 
1 and we are incommen- 
surable, i.e., their ratio is 
an irrational number. 


1For our purpose here, a 
filter can be defined as a 
signal-processing _ black 
box whereby only a cer- 
tain prescribed range of 
frequency components is 
allowed to reach the out- 
put terminals. 
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automatic computer program to analyze this class of networks, it 
is still important that we try to eliminate as many insignificant 
elements as possible. This will usually result in a great saving 
in computer time needed to analyze the network. In other words, 
it is important that we do not use the computer blindly; in certain 
problems, such as the example above, a heuristic analysis may be 
more satisfactory. For one thing, unless we are extremely careful, 
most computer programs would not anticipate the fast-changing 
waveform during the transition time 7, and would, therefore, give 
erroneous answers, unless the step size is programmed to vary in 
accordance with the rate of change of the waveforms. 


20-5 THE QUALITATIVE APPROACH 


We have already demonstrated in the preceding chapters the power 
of the qualitative approach. In general, as the exact solution 
becomes more difficult to obtain, the qualitative approach becomes 
more valuable. If the network is autonomous, the most common 
qualitative information that we seek is the location and stability of 
the equilibrium states associated with the network. The location of 
the equilibrium states can be easily found with the help of the ex- 
plicit equilibrium state theorem discussed in Sec. 13-6. The stability 
of the equilibrium states can be determined by techniques beyond 
the scope of this book. 

If the network is nonautonomous, then the qualitative infor- 
mation that we seek is usually the frequency-converting properties 
of the network. We have shown in Chap. | that one characteristic 
feature common to all nonlinear networks is the generation of new 
beat frequencies 


Om,n) = Mw, ate NW: (20-12) 


by mixing two sinusoidal waveforms of frequencies w; and w2.} In 
general, the higher the degree of nonlinearity, the more beat-fre- 
quency components are generated. Many applications in signal 
processing are based on this property alone. In all cases, we would 
select a number of frequency components from the many present 
by means of filters.1 The important qualitative information that we 
seek in this case is the amount of power at a particular frequency | 
that can be extracted. 

To be more specific, consider the network shown in Fig. 20-4a. 
This is an nth-order nonautonomous network being driven by two 
sinusoidal sources of frequencies w; and we. Let us assume that 
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nonlinear inductor (b) 


Nonlinear capacitor 
or 
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Or, 
filter 


(c) 


Fig. 20-4. An nth-order non- 
. : : a 4 autonomous nonlinear network 
the only nonlinear element in this network is either an inductor or _{o, iliustrating the application 


a capacitor. The average power entering this nonlinear element is _ of the Manley-Rowe equations. 
given by Eq. (1-45); namely, 


Pe acin [iw at (20-13) 


—> 00 hh 


For the sake of generality, let us suppose that both v(7) and i(Z) 
contain all frequency components including a dc term correspond- 
ing to zero frequency. The instantaneous power p(t) = v(A)i(t) will, 
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1For simplicity we have 
chosen to represent each 
component by a cosine 
terM Pm n COS (M1 +NWe)l. 


2 A rigorous proof of these 
classic relationships is 
given in J. M. Manley and 
H. E. Rowe, Some Gen- 
eral Properties of Non- 
linear Elements—Part I, 
General Energy Relations, 
Proc. IRE, vol. 44, pp. 904- 
Nes Mull, NSO. 
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upon expansion with the help of trigonometric identities, contain 
also all frequency components; namely, 


P(t) = Po,o + P1,0 COS wyt + Po,1 COS Wet + P1,1 COS (@1 + we)t 
+ P1,2 COS (1 + 2we)t + P2,1 COS (2w1 + we)t +--+ 
+ Pmn COS (Mw + Nw2)t + --- (20-14) 


Substituting Eq. (20-14) into Eq. (20-13), we obtain 


Pe ‘i ree (20-15) 
m=0 n=—co 

where 

Pram = lim [% Pmn C08 (mars + moog)t di (20-16) 
t>oo hh 0 


Hence, the total average power entering the nonlinear inductor or 
the nonlinear capacitor is the sum of the component average 
powers Pi» Corresponding to the frequency (mw, + nw2). We have 
proved earlier that the average power entering any charge-con- 
trolled capacitor or any flux-controlled inductor is zero [see Eqs. 
(1-57) and (1-64)]. Hence, Eq. (20-15) becomes 


Sh aoe RiO (20-17) 


This relationship tells us only that the total average power is zero. 
The component powers P,,, are generally not zero. In order to 
investigate how the magnitudes of Pm,» are distributed so that they 
cancel out each other in the end, let us multiply and divide each 
term Pin by (mw, + nwe) and rewrite the equation as follows: 


ee eis 


m=0 n=—00 (mw ar Nw2) m=0 n=—co (mw ci Nw2) 


(20-18) 


This equation must be true for any value of , and w2 and is inde- 
pendent of the shape of the nonlinearity of the energy-storage ele- 
ment. Since w; and we. are incommensurable, the terms inside the 
two brackets must independently be equal to zero; namely,” 


oo Pan 
sy a (20-19) 
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esse aa (20-20) 


These two relationships are known as the Manley-Rowe equations. 
They are very useful because they give valuable qualitative infor- 
mation concerning the network’s capability. The usefulness of the 
Manley-Rowe equations is best exploited by considering the net- 
work shown in Fig. 20-4b, where a nonlinear energy-storage ele- 
ment is shown connected in parallel with the two black boxes 
labeled N; and No. Each rectangle inside N; and Nz represents a 
filter, which is usually an nth-order dynamic linear network. Each 
filter is assumed to allow only currents with the designated fre- 
quency to flow through the corresponding resistor. All other 
frequency component currents are rejected.! If we apply KCL at 
node a, we find that as a consequence of the string of filters, the 
current i(t), which would normally contain all frequency com- 
ponents, will now contain only those frequency components for 
which there is a filter. 

As an application of the above observations, consider the 
special case shown in Fig. 20-4c where only three frequencies are 
allowed, namely, w1, we, and w, = Mw, + Nws. The frequencies 1 
and w2 correspond to the frequency of the two excitation sources, 
whereas the frequency w,, corresponds to the frequency at the load 
resistor Ry. Hence, among the infinitely many possible frequency 
components, only the three components corresponding to 4, we, 
and w,, are not zero for this network; namely, P1,0(m = 1,n = 0), 
Poi(m = 0,n = 1), and Pywm = M,n = N). Hence, the Manley- 
Rowe equations reduce to the following: 


(1)P1,0 4 (0)Po,1 4 (M) Pun 
(Dior) + Olo2) ~ Or) + D(o2) ~ M1) + (NY(e2) ~ 
(20-21) 
(0)P10 a (1)Po,1 ch (N) Pun = 
(1)(@1) + O)(w2) — (O)(@1) + C12) M)(@1) + Ne) 
(20-22) 
Solving for Py,v from Eqs. (20-21) and (20-22), we obtain 
Puy = — (Ss) Pro (20-23) 
Pip eetins (“=**) Pel (20-24) 


893 


1This requirement defines 
an ideal filter. A practical 
filter can only attenuate 
but not completely elimi- 
nate the unwanted fre- 
quencies. 
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1 Alternately, Pmmn > 0 im- 
plies that power is being 
supplied by the sources to 
the energy-storage  ele- 
ment, whereas Py» <0 
implies that the energy- 
storage element is actually 
supplying the power to its 
external circuit. 

2Since the load frequency 
Wy = 01 + We IS greater 
than both w; and wz, this 
type of network is also 
called an up-converter. 
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Bearing in mind that Pm» > 0 implies power entering the energy- 
storage element, whereas Pmn< 0 implies power J/eaving the 
energy-storage element,! we can now obtain the following in- 
terpretations. 


Case1 M = 1, N = 1. In this case the filter wy is tuned to a fre- 
quency wz, = &1 + we, and Eqs. (20-23) and (20-24) become 


1 hie a(t z 22) Pro (20-25) 
Wy 

Pit (ate es 22) Po (20-26) 
oy) 


Observe that these equations imply that Py; <0 whenever 
P10 > 0 and Poi > 0. This means that while the energy-storage 
element is accepting power from the two sources at frequencies 
and we, it is delivering power simultaneously at frequency (@; + we) 
to the load resistor. In practice, the energy-storage element is 
usually a varactor diode, and the excitation at frequency w is 
usually a very weak signal, whereas the excitation at frequency w2 
is usually chosen so that w2 > w. In this case, Eq. (20-25) can be 
written into the more convenient form 


Oth Wann Ayes 


Wy Wy 


eee 


G= 
Pio 


(20-27) 


where G is called the power gain of the circuit. Observe that since 
w2 > #1, G > 1, and hence the output load power at frequency 
Wy = (1 + 2) is much higher than the excitation power at fre- 
quency w;. We have shown, therefore, that it is possible to design 
a power amplifier using a nonlinear energy-storage element such as 
a varactor diode. These networks are usually called parametric 
amplifiers.” 

The above observation seems to suggest that we have violated 
the principle of conservation of energy, for how could we amplify 
power? The answer is that the source of the power comes from the 
second excitation source at frequency w2. Hence, the effect of the 
nonlinear energy-storage element is to convert the energy at fre- 
quency w2 into energy at frequency (w; + w2). Because of this 
interpretation, the excitation at frequency we is usually called the 
pump, whereas the excitation at frequency w is called the signal. 
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Case2 M=1, N = —1. In this case, the filter w;, is tuned to a 
frequency wz, = w1 — we, and Eqs. (20-23) and (20-24) become 


(20-28) 
(20-29) 


If we assume that w; > we, then Eq. (20-28) predicts that since 
Pio >0 implies that P;_1 <0, power at the load frequency 
Wp = W1 — W2 is being supplied by the energy-storage element. 
However, since (w1 — w2)/w1 < 1, the frequency w is being con- 
verted at a Joss, and no power amplification is possible. 

There are many other interesting observations that can be 
drawn from the Manley-Rowe equations. Observe that the main 
value of these equations lies in their complete independence of the 
network topology as well as of the shape of the nonlinear charac- 
teristic curve of the energy-storage element. In short, this qualita- 
tive result is truly remarkable for it tells so much for so little. 


20-6 THE APPROXIMATE ANALYTICAL APPROACH 


Beyond the methods and techniques described in the preceding 
sections, there exist a number of more mathematical and esoteric 
methods which we shall refer to as the approximate analytical 
approach. Here it is imperative that the equations be obtained first 
in analytic form. Once this preliminary procedure is undertaken, 
a formidable task in itself, we may apply a number of nonlinear 
mathematical techniques which are beyond the scope of this book. 
The advanced readers who desire more information can find a list 
of references in Appendix E. 


20-7 SUMMARY 


There are generally five distinct approaches for analyzing higher- 
order nonlinear networks, which are the following: 


1. Numerical-integration approach. Most amenable to the develop- 
ment of completely automatic user-oriented computer pro- 
grams. The most serious problems at present are the numerical 
inaccuracies that tend to build up and the excessive amount of 
computer time needed to analyze relatively simple networks. 
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1Although these methods 
are analytical in nature, 
the solutions are invari- 
ably in the form of a series 
containing an _ infinite 
number of terms. In prac- 
tice, only a few terms are 
kept, and even these re- 
quire considerable effort; 
hence, the methods are 
really approximate rather 
than exact. 
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These difficulties are not fundamental, however, and hence this 
approach is certain to gain wide usage as more accurate and 
efficient computer programs become available. 


2. Piecewise-linear approach. This method is based on the concept 
of the switching space and has certain advantages over the 
numerical-integration approach with respect to numerical 
accuracy and efficiency. 


3. Heuristic approach. This approach is usually tailored for specific 
networks. It is based on intuition, experience, and a number of 
simplifying assumptions. Whenever applicable, the heuristic 
approach is generally superior to the other approaches. 


4. Qualitative approach. Instead of seeking specific solutions 
corresponding to each initial state, this approach is concerned 
only with finding the general properties of the network. Some 
common properties of interest are the location and stability of 
equilibrium states in the case of autonomous networks. For 
nonautonomous networks the frequency-conversion properties 
of nonlinear elements are of much practical significance. The 
Manley-Rowe equations are invaluable for obtaining these 
properties. 


5. Approximate analytical approach. This approach requires the 
normal-form equations to be derived in analytic form. Advanced 
mathematical backgrounds are generally required. 


PROBLEMS 


20-1 Describe a computer numerical-analysis algorithm for obtaining 
the solution of the network shown in Fig. 20-la in terms of the 
following choice of state variables: 

(a) Capacitor charges and inductor flux linkages 
(b) Capacitor charges and inductor currents 
(c) Capacitor voltages and inductor flux linkages 


20-2 Describe a computer piecewise-linear algorithm for obtaining the 
solution of the iterative piecewise-linear network shown in Fig. 
20-2a for the following cases: 

(a) All energy-storage elements are linear. 

(b) All energy-storage elements are nonlinear but monotonic. 

(c) All capacitors are voltage-controlled, and all inductors are 
current-controlled. 


20-3 Assuming that the parasitic capacitor in the tunnel-diode multivi- 
brator circuit shown in Fig. 20-35 has a capacitance of C = 10 pF, 


20-4 


20-5 


20-6 
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find the exact waveforms of v,(¢) and i,(f) during the transition 
time interval and calculate the transition time T,. 


Specialize the Manley-Rowe equations to the case where only the 
following frequency components are allowed: 

(a) 1, @2, 1 + We, @1 — we 

(b) 1, w2, Ma, + Nwo, Mo, — Nwe 

(C) a1, We, W1 + We, 201 + W2,@1 + 2we, 201 + 2wWe 


From the simplified Manley-Rowe equations obtained in Prob. 20-4, 
derive as many properties about the network as possible. Can you 
offer some practical applications using some of these properties? 


Epic (equilibrium point identification and classification) is a recently 
developed computer program for finding the location and stability 
of the equilibrium states of an autonomous nth-order network. The 
algorithm is based on a theorem which states that a singular point 
P(X1,X2, .. . .Xn) of the nth-order system 

dx; ; 

ee SS (Mi Mey os Xn) Uf = Vee oe 

is asymptotically stable if the real parts of all eigenvalues of the 
Jacobian matrix 


of1/ox1 of1/0x2 Zoe of1/OXn 

Of2/ 0x4 Of2/0X2 as Of2/OXn 
Ii CapeSjoow es) = 

Ofn/ Ox Ofn/OXe2 ae Ofn/OXn 
evaluated at xy = X1, X2 = Xo,...,Xn = Xn are negative and is 


unstable if the real part of at least one eigenvalue is positive. 

(a) Show that each element of the Jacobian matrix corresponding 
to the network shown in Fig. 20-la can be found by analyz- 
ing the resistive n-port subnetwork N under appropriate 
terminations. 

(b) Using Meca as a subprogram, construct a detailed flow chart 
for implementing Epic. 
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APPENDIX A 
REPRESENTAT 


A-1 RELATIONS AND THEIR INVERSES 


We shall be mainly concerned with definitions in this section. Just 
as in any dictionary, where a certain number of undefined words 
must be used in order to define other words, in mathematics we 
also have to use a number of undefined terms to define other 
terms. We shall only need one undefined term for our purpose here; 
namely, the word set. Intuitively, any collection of objects is called 
a set. Hence, we may talk about a set of letters (a, b, c, d, e), a set 
of animals (dogs, cats, goats), a set of v-i curves (Cy, Ts, 3, 14), a 
set of voltage waveforms [v;(f), v2(t), v3(4)], a set consisting of all 
integers (1, 2,...,n,...), etc. Let us next introduce the notion of 
a set-processing machine having an inlet and an outlet as shown in 
Fig. A-la. This machine has the property that whenever we dump 
an object x into its inlet, out comes one or more objects y, z,..., 
w through its outlet. For example, a slot machine might deliver one 
ae Oren te meme ene coins at its outlet corresponding to each coin (of a certain 
tion of a set-processing ma. @enomination) that enters its inlet. Depending on its internal 


chine and a typical table de. Structure, a set-processing machine can be identified by listing in a 
scribing it. 


te 


Output 


Set- processing 
machine 


(a) 
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table the outputs corresponding to each input as shown in Fig. 
A-1. It is important to observe that the machine may produce 
more than one output object for each input object that enters it. 
If we denote the set of all inputs by D = {x1,x2, .. .} and the set 
of all outputs by R = {1,yo, . . . ,21,Z2,.. . .W1,We2,...}, then the 
machine is said to operate on a member of set D to produce one 
or more members of set R. In mathematics a set-processing machine 
is called a relation, and the sets D and R are called the domain and 
the range of the relation, respectively. A relation is, therefore, no 
more than a table that lists, corresponding to each member of its 
domain D, one or more members of its range R. 

The simplest type of relation of interest to us corresponds to 
the case where both the domain and the range consist of real 
numbers. For example, the numbers listed in the table shown in 
Fig. A-2a are a relation. Observe that for certain values of x, the 
relation may have one, two, or three possible values for y. In the 
case of real numbers, it is more convenient to represent a relation 
in the form of a graph as shown in Fig. A-2b. Observe that 
the points in the graph represent exactly the same information as 
the numbers in the table. Aside from providing a simple geomet- 
tical representation, this graph has the advantage that it can list 
infinitely many points in the form of a curve, such as the relation 
shown in Fig. A-2c. Although equivalent conceptually, a table 
representing this relation is clearly impractical because it would 
require an infinite number of entries. In view of this graphical rep- 
resentation, any curve, or combination of curves or points, in the 
x-y plane is a relation. In fact, we may consider the terms “curve” 
and “relation” as being synonymous. 

Let us return to our set-processing machine M once again 
and define an associated machine M~! called the inverse machine. 
The purpose of this machine is to take each output member y of 


Fig. A-2. A relation between 
two sets of real numbers can 
be represented by a graph. 
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Set- processing 
machine 
M 


by 


(a) 


Fig. A-3. A symbolic represen- 
tation of the relationship be- 
tween a relation and its inverse. 


Inverse machine 
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M as its input, and to produce one or more outputs representing 
the set of inputs x1, x2, ... of M which produced the original out- 
put y. The relationship between these two machines is best illus- 
trated symbolically as shown in Fig. A-3a. Here the machine M 
takes an input object x from the domain of M and produces an 
output object y belonging to the range of M. We have assumed for 
simplicity that y is the only output in this case. If we dump y into 
the inverse machine M™~1, we shall get back the output x. In gen- 
eral, there may be other outputs in addition to x. However, for 
illustrative purposes, only the output x is shown. For obvious 
reasons, the relationship defining an inverse machine is called an 
inverse relation. Observe that an inverse relation M~ is always de- 
fined with respect to an original relation M. The domain of M1 
is identical with the range of M. Conversely, the range of M~! is 
the domain of M. 

In the special case where both the domain and the range of 
M consist of the set of real numbers, the domain and range 
of M~1 will also be real numbers. Since the domain and range of 
M™' correspond, respectively, to the range and domain of M, the 
graph representing M~! can be simply obtained by interchanging 
the coordinates of each point on the original graph representing 
M. This is accomplished by reflecting the original graph with re- 
spect to the line y = x. For example, corresponding to the relation 
shown in Fig. A-2c, we obtain the inverse relation M-1 by reflect- 
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ing the graph above the dotted line shown in Fig. A-3b. Observe 
that as mentioned previously, certain values of the input variable 
y may correspond to more than one value of the output variable 
x. A moment’s inspection of Fig. A-3b reveals that if we make two 
reflections with respect to the same line, we shall obtain the orig- 
inal unreflected graph. This shows that the inverse of an inverse 
relation is the original relation. 


A-2 FUNCTIONS AND THEIR INVERSES 


In the definition of a set-processing machine and its inverse 
machine, we have seen that, corresponding to each input, one 
may get more than one output. This accounts for the fact that 
there is generally more than one column under the heading “out- 
put” (Figs. A-1b and A-2qa). There is a special but extremely im- 
portant class of relations wherein there is only one output corre- 
sponding to each input. In terms of the table defining the relation, 
this means that only one column appears under the output head- 
ing. A relation which satisfies this property is called a function. We 
shall denote a function by the letter f Since for each member x 
belonging to the domain D of f there corresponds only one mem- 
ber y belonging to the range R of f it is standard practice to rep- 
resent this correspondence by the notation 


y=f) (A-1) 


A simple example of a function might be that of a cigarette vend- 
ing machine. In this case, the domain of the function f corresponds 
to the set of buttons for selecting the desired cigarettes, and the 
range of the function f corresponds to the set of different brands 
of cigarettes inside the machine. For each button x that we press, 
the function releases a particular brand of cigarettes y = f(x). It 
is important to distinguish the difference between a function f and 
the output of the function f(x) corresponding to an input x. The 
symbol f denotes the machine as a whole, but the symbol f(x) de- 
notes only one particular output of the machine. 

If a relation M qualifies as a function, its inverse relation M~! 
need not be a function because it is possible to have more than 
one input giving the same output. However, if the inverse relation 
M-~1 is also a function, then M~! is called an inverse function. If f 
is a function, we shall denote its inverse function, if it exists, by 


x =f) (A-2) 
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Fig. A-4. Examples illustrating 
the concept of a function and 
its inverse function. 
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A function f which has an inverse function f! is said to be a one- 
to-one function. 

Specializing now to the x-y plane, it is clear that a graph rep- 
resenting a relation is a function if, and only if, every vertical line 
(representing a value of the domain) intersects the graph at one, 
and only one, point. The graph shown in Fig. A-2c does not satisfy 
this property and is, therefore, not a function. Instead of calling 
this a relation, we sometimes prefer to call it a multivalued function. 

As an illustration of graphs which are functions, consider the 
curves shown in Fig. A-4, where the solid curves correspond to the 
given relations and the dotted curves correspond to the inverse 
relations. Observe that all solid curves except those shown in Fig. 
A-4b and d are functions. The v-i curve of Fig. A-4d is not a func- 
tion because there are vertical lines which intersect this curve at 
more than one point. The i-p curve of Fig. A-4d is also not a 
function because there are infinitely many values of p correspond- 
ing toi = 0. However, the inverse relations of these two graphs are 
functions. On the other hand, the inverse relations of the two 
functions of Fig. A-4a and c are not functions. Finally, observe that 
only the last two graphs can be considered as one-to-one functions. 


Appendix A 


A common property is shared by both of these graphs; namely, 
F(®) > f(@ whenever b >a. Such a curve is said to be strictly 
monotonically increasing. The solid curve shown in Fig. A-4c is 
monotonically increasing but not strictly because f(b) = f(a) for 
some b > a. It is easy to see that a function is one-to-one if, and 
only if, it is characterized either by a strictly monotonically in- 
creasing curve, or a strictly monotonically decreasing curve. One- 
to-one functions are significant because they allow one to represent 
a curve mathematically as a function of either variable. This 
property is crucial in solving many nonlinear equations. 

A function need not be restricted to the one-dimensional 
case. For example, we can consider the set of all m-tuples 
(X1,X2,... Xm) as the domain of the function and the set of all 
n-tuples ()/1,V2, . . . Yn) aS the range of the function. In this case, 
it is not possible to represent the function geometrically. However, 
it will still be convenient to represent this function symbolically as 
shown in Fig. A-5. Each point p in the domain D is assumed to 
have m coordinates (x1,X2, .. . Xm) and each point g in the range 
R is assumed to have n coordinates (1,2, . . . Yn). It is sometimes 
convenient to denote a function f having a domain D and a range 
R by the symbol 


fi DoR (A-3) 
Usually, the domain consists of the entire m-dimensional space of 
real numbers R,,, and the range consists of the entire n-dimensional 


space of real numbers R,,. In this case, it is customary to write Eq. 
(A-3) in the form 


fi Rm Rn (A-4) 
Observe that the function f maps each point p in D into one, and 


only one, point g in R. Hence, q is usually referred to as the image 
of p. It is customary to denote this symbolically by 


q=f(P) (A-S) 


Domain of Range of 
function function 
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Fig. A-5. Symbolic representa- 
tion of functions not describ- 
able by a plane curve. 
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If the function / satisfies the additional property that no two 
points in D map onto the same point in R, then a one-to-one cor- 
respondence exists between each point in D and each point in R. 
Such a function is, therefore, a one-to-one function and has an in- 
verse. If we denote the inverse function by f-! as shown in 
Fig. A-5, then each point g in R maps into one point p in 
D; namely, 


p=f"@) (A-6) 


The most common example of functions in higher-dimensional 
spaces is of the form 


Val = iQ, oleh Xa) 


y2 = foX1.x2, rae 2) 


(A-7) 
Yn = frlX1,X2, . . « Xn) 
If this function is also one-to-one, then each point p(%1,X2, . . . Xn) 
must correspond to only one point g(1,V2, . . - vn), and vice versa. 
Hence, Eq. (A-7) can also be written in its inverse form. 
N= OV ea) 
X2 =a (ies oye Vn) (A-8) 
Xn =I Vay a) 
If the variables x1, X2,..., X» in Eq. (A-7) are unknowns, then 
the one-to-one property implies that Eq. (A-6) will have a unique 


solution regardless of the value of y1, yo, ..., Yn. 


A-3 MATHEMATICAL REPRESENTATION OF FUNCTIONS 


There are many nonlinear network problems that cannot be solved 
by a purely graphical approach. In such cases it is sometimes desir- 
able to obtain a mathematical representation of all characteristic 
curves which are given in graphical form. We shall consider in this 
section only the simpler case where the curves are functions and 
leave the multivalued case for the next section. 

Although the theory of representation of functions is too ad- 
vanced for our purpose here, there are a number of fundamental 
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ideas and results that are simple enough to be presented. Two 
basic concepts are of particular interest to us, namely, those 
of interpolation and approximation. The problem of interpolation 
is concerned with finding a function 


y =f) (A-9) 


which passes through a set of n prescribed POUL Te one ee 
in the x-y plane. Where the function goes in between these points 
is immaterial. Clearly, if n = 2, the function need only be a 
straight line. If n = 3, a parabola can always be found; ifn = 4, 
a third-degree polynomial can always be found, etc. In fact, using 
the theory of determinants, it is easy to prove the following result. 


FUNDAMENTAL INTERPOLATION THEOREM 


Given a set of n points having distinct abscissas in the x-y plane, 
it is always possible to find one, and only one, (n — 1)-degree 
polynomial passing through these points. 


The polynomial with the above property is an example of an 
interpolation function. A function made up of a sequence of linear 
interpolation functions is called a piecewise-linear function. Such a 
function can be represented mathematically by 


y=mx +k; whenever aj < x <b; (A-10) 
ofamat Nyt te. ¢ 


For convenience the linear function defined in each interval of Eq. 
(A-10) will be called a segment, and the end points of each segment 
will be called breakpoints. Clearly, a piecewise-linear function is 
the simplest representation of a function. It is easy to see that by 
increasing the number of segments, a piecewise-linear function can 
be used to represent a given function to within any degree of 
accuracy. A serious drawback of this representation is the fact 
that each breakpoint has two distinct slopes. Hence, a piecewise- 
linear function is not differentiable at a breakpoint. Moreover, 
since four numbers (mj, k;, a;, and bj) are required to describe each 
segment, it is clear that if the given function is highly nonlinear, 
other forms of representation may be simpler. The above con- 
siderations lead to the problem of approximation by differentiable 
functions. 
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Depending on the shape of the curve to be represented, a 
number of elementary functions may be chosen. For example, the 
v-i curve of a junction diode can be approximated fairly well by 
the following exponential function: 


i = Ife@/kDv — ]] (A-11) 


where the parameters J,, g, K, and T are constants associated with 
a specific diode. Unfortunately, mother nature does not often give 
us devices characterized by curves that can be represented by ele- 
mentary functions. To be sure, it is indeed rare to find that 
Eq. (A-11) does represent a junction-diode curve. Knowing now 
where we stand, it is natural to ask whether it is possible to find 
a set of “basic” functions and use them as building blocks to rep- 
resent a given function. It would be too ambitious in any case to 
find a function that would pass through all points of a given curve. 
However, it is reasonable to hope that a function g(x) might be 
found that will approximately represent a given curve g(x) such 
that the error can be kept small. A classic theorem is available 
which says that this is indeed possible. Since the proof requires 
some background in mathematical analysis, we shall state only the 
result here. 


WEIERSTRASS APPROXIMATION THEOREM 


Let g(x) be a continuous curve representing a function over some 
interval a < x < b. It is always possible to find a polynomial 
P(x) of sufficiently high degree that the magnitude of the dis- 
crepancy between p,(x) and g(x) is less than any prescribed posi- 
tive number for all values of x within the interval (a,b). 

Stated mathematically, this theorem guarantees that, provided 
we are willing to choose a polynomial of high enough degree, we 
can always find one such that 


|Pr(x) — g(x)| <e (A-12) 


where € is any arbitrarily small positive number. Observe that this 
theorem does not require the given curve g(x) to be differentiable. 
The finite domain of g(x) (namely, a < x < b) does not con- 
stitute a restriction in practice because the numbers a and b can 
be arbitrarily large, provided they are not infinite. 

The Weierstrass approximation theorem guarantees only that 
the error « can be made as small as we please (except zero). 
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It does not say whether the polynomial p,(x) will pass through a 
set of prescribed points as well. That this is also possible is given 
by the following theorem. 


COMBINED INTERPOLATION AND APPROXIMATION THEOREM 


A polynomial P,(x) of sufficiently high degree can always be 
found that satisfies not only the Weierstrass approximation theorem 
but also the additional requirement that it pass through an 
arbitrarily prescribed finite set of points having distinct abscissas. 


To illustrate the above concepts, let us consider the v-i curve 
of a typical tunnel diode as shown in Fig. A-6a. First, let us find 
a polynomial interpolation function that will pass through the fol- 
lowing four points on the curve: P; (0 volt, 0 ma), Pe (0.15 volt, 
1.0 ma), P3 (0.7 volt, 0.06 ma), and P, (1.0 volt, 1.0 ma). Applying 
the fundamental interpolation theorem, we know there is a unique 
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Fig. A-6. A typical tunnel-diode 
curve can be represented either 
by a polynomial or by a piece- 
wise-linear function. 
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— > U, volts 


>v, volts 


+— — }+____;———— p, volts 
0 0.2 0.4 0.6 0.8 1.0 


908 


Appendix A 


third-degree polynomial that will pass through these four points; 
namely, 


P3(X) = do + G1X + A2x? + a3x3 (A-13) 


To solve for the coefficients do, a1, 2, and a3, we substitute the co- 
ordinates (v,i) of each point P; into Eq. (A-13), thus obtaining 


0 = ap + ax(0) + a2(0)? + a3(0)? 
1.0 = ap + a4(0.15) + a@(0.15)? + a3(0.15)% 
0.06 = do + a3(0.7) + a2(0.7)? + a3(0.7)% 
1.0 = dp + a4(1) 4+ ae(1)? + a3(1)? 


(A-14) 


Equation (A-14) constitutes four linear equations in four un- 
knowns. We can solve for these unknowns and obtain dp = 0, 
a, = 10.10, ag = —26.50, and a3 = 17.40. The desired interpo- 
lation function is, therefore, given by 


i= 10.10 v — 26.50 v? + 17.40 v3 (A-15) 


If we plot this function in the v-i plane as shown by the solid 
curve in Fig. A-6d, we find that it passes through the four prescribed 
points, as it should. Observe, however, that this function is a very 
poor representation of the given curve (shown dotted). We could 
have obtained a much better approximation by choosing five 
plecewise-linear segments as shown in Fig. A-6c. The resulting 
piecewise-linear function is easily seen to be represented by 


6.67 v —o <v<0.15 
— 2.682 v + 1.4073 0.15 <v < 0.48 
i =} —0.2v + 0.21594 0.48 < v < 0.75 (A-16) 
1.35 v — 0.94656 Of 40 = 0.92 
10 v — 8.90456 0.92 <= 


Observe that Eq. (A-16) requires a total of 19 numbers to com- 
pletely specify the function. Since the curve given in Fig. A-6a is 
not overly complicated, a higher-degree polynomial might fit this 
curve just as well, if not better. If we do not insist on the 
curve passing through a certain number of points, but only require 
that the error defined by Eq. (A-12) be small, we can find many 
polynomials that will have this property. 
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One such polynomial is given by 
i = 17.76v — 103.79 v? + 229.62 v3 — 226.31 v4 + 83.72v5 (A-17) 


The curve represented by Eq. (A-17) is shown in Fig. A-6d. A 
comparison of this with the original curve (shown dotted) shows 
the approximation to be just as good as that shown in Fig. A-6c. 
However, this time only five parameters are needed. If a computer 
were being used, this function would take up a lot less memory. 
Another advantage of Eq. (A-17) is, of course, that it is differen- 
tiable everywhere. On the other hand, if the given curve is highly 
nonlinear, as in the case where there are many local maxima and 
minima, then a piecewise-linear representation may be simpler to 
specify. However, the real motivation for using piecewise-linear 
representations lies in the fact that it permits a highly nonlinear 
problem to be solved as several related linear problems. 

The preceding discussions are concerned only with the func- 
tion of one variable. There are many occasions where we have to 
represent a function of two or more variables, such as z = f(x,y). 
Unfortunately, the interpolation theorem cannot be generalized to 
this case. It is possible, however, to extend the Weierstrass ap- 
proximation theorem to functions of two or more variables. 


A-4 MATHEMATICAL REPRESENTATION OF MULTIVALUED FUNCTIONS 


The DP plot of a resistive black box containing two or more non- 
monotonic resistors is usually a multivalued function. In order to 
study networks containing such multivalued elements analytically, 
it is necessary to obtain a mathematical representation of a multi- 
valued curve. Clearly, it is not possible to represent such a curve 
by Eq. (A-9) since, by the very definition of a function, only one 
value of y is allowed for each value of x. We shall now introduce 
a new approach, the parametric approach, for representing any 
multivalued curve which satisfies the property of unicursality as 
defined below. 

Any curve I in the x-y plane is said to be unicursal if, start- 
ing with one end of I (possibly at — oo), it is possible to trace the 
entire curve in one continuous stroke without lifting the tip of the 
pencil from the paper and without retracing any portion of 
the curve. 

Three examples of unicursal curves are shown in Fig. A-7a 
to c. The curves shown in Fig. A-7d to f are not unicursal because 
it is not possible to trace any one of these curves in a single con- 
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(d) 


Fig. A-7. A unicursal curve 
may be (a) simple or (b) self- 
intersecting, or it may (c) form 
a closed loop. Not unicursal 
are curves (d) forming a self- 
loop, (e) having separate parts, 
or having more than two 
branches at infinity. 
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(b) (c) 


(e) (f) 


tinuous stroke. From these examples it should be clear that if one 
has an infinitely long piece of string, then a curve I’ is unicursal if, 
and only if, it is possible to lay down the string on a plane 
and form an exact facsimile of T. One property of an unstretch- 
able string is that we can mark off any convenient unit of length 
from an arbitrary point on the string in the same way a tape 
measure for tailoring clothes is marked. If we do this and trace the 
curve I with the marked string once again, then this time each point 
on the curve is associated with a unique number, namely, its 
length from the origin. 

In the case of the unicursal curve, we can arbitrarily choose 
an origin on the curve and mark off the arc length from this origin 
in both directions of the curve. To distinguish these two directions, 
we may arbitrarily mark the length along one of the two directions 
with a negative sign. If we denote the arc length measured from 
the origin along the curve by the parameter x, then it is clear that 
for each value of x there corresponds one, and only one, point 
P(y,z) on the curve. Going back to our set-processing machine 
once again, we find that if we “dump” a value of x into the 
machine’s inlet, we shall get one, and only one, point from the 
machine’s outlet. In other words, the correspondence between the 
arc length and the points along a unicursal curve can be interpreted 
as a function. Since each point has two coordinates y and z, each 
coordinate may be represented as a function of the parameter x; 
namely 


y =f) (A-18) 
and 


Z = g(x) (A-19) 
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Equations (A-18) and (A-19) completely characterize the curve be- 
cause upon performing a graphical elimination procedure, we can 
recover the original curve I’. Let us demonstrate this with a few 
examples. 


EXAMPLES 


1. Consider the simple unicursal curve shown in Fig. A-8a. 
Choosing arbitrarily the point 0 as the origin and a positive 
direction as indicated by the arrow sign, we mark off the 
arc lengths in both directions, as shown in Fig. A-8a. (This can 
be done by straightening the curve and measuring its length.) 
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Fig. A-8. Parametric represen- 
tation of a simple unicursal 
curve. 
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Fig. A-9. Parametric repre- 
sentation of a self-intersect- 
ing piecewise-linear unicursal 
curve. 
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From the calibrated curve we obtain the two functions y = f(x) 
and z = g(x) as shown in Fig. A-85 and c, respectively. As 
expected, both curves come out to be functions. If necessary, 
we can now use the techniques of the preceding section to 
represent these curves by polynomials. 


2. Consider next a more complicated unicursal v-i curve as shown 


in Fig. A-9a. For convenience we have represented this curve 
by piecewise-linear segments. With the origin 0 and the positive 
direction as indicated, the arc length for this case can be com- 
puted directly. The resulting parametric representations v = u(x) 
and i = i(x) are readily obtained as shown in Fig. A-9b and c. 


(a) 
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A moment’s inspection of Fig. A-9 shows that whenever 
the unicursal curve is piecewise-linear, the parametric curves 
will also be piecewise-linear. However, in any case observe that 
the choice of the origin is completely arbitrary. In fact, a simple 
exercise will show that the effect of changing the origin is 
merely to translate the parametric curves along the x axis. 


A-5 PARAMETRIC REPRESENTATION 
OF NONLINEAR NETWORK ELEMENTS 


We shall now apply the approach presented in the preceding sec- 
tion to represent nonlinear network elements characterized by 
unicursal curves. Such elements will henceforth be called unicursal 
elements. 

A unicursal resistor is represented by two parametric functions, 


= AX) (A-20) 
and 
L-=.i(x) (A-21) 


A unicursal inductor is represented by two parametric func- 
tions, 


i = i(x) (A-22) 
and 
~ = Y(x) (A-23) 


Since v = dp/dt, we can apply the chain rule to obtain the para- 
metric expression for the inductor voltage 


a a A-24 
is wed wilt ( ) 


A unicursal capacitor is represented by two parametric func- 
tions 


Vi 1%) (A-25) 
and 
q = 4) (A-26) 
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Since i = dg/dt, we can apply the chain rule to obtain the para- 
metric expression for the capacitor current 


; — 44) a (A-27) 
Obe Gy 


For convenience we have so far been referring to the parame- 
ter x as the arc length of the unicursal curves. However, this just 
happens to be a simple parameter to choose. There is no reason 
why other parameters cannot be chosen so long as the functions 
completed specify the unicursal curve. For example, suppose a 
unicursal resistor happens to be voltage-controlled. Then clearly it 
is simpler in this case to choose the voltage itself as a parameter, 
and Eqs. (A-20) and (A-21) reduce trivially to 


v=x (A-28) 
i= i(x) = iv) (A-29) 


Equation (A-28) is, of course, superfluous in this case. By similar 
reasoning, it is clear that with an appropriate choice of parameters, 
the parametric representation reduces to the conventional repre- 
sentation whenever the elements can be represented by functions. 
Therefore, the conventional approach is a special case of the 
parametric approach. This means that any theorem or procedure 
formulated in terms of the parametric approach is always applica- 
ble to conventional networks. 

Consider next a network containing 7 unicursal elements. In 
this case, each element / is associated with a parameter x;. Accord- 
ingly, the equations of motion obtained by applying KCL and KVL 
will all be expressed in terms of the parameters x1, X2,..., Xn. We 
have, therefore, seen that using the parametric approach, a much 
larger class of nonlinear networks can be represented. Let us con- 
sider a specific example. 


EXAMPLE 


Consider the single-loop RLC network shown in Fig. A-10a. Let 
the nonlinear resistor R be characterized by the four-cusped 
hypocycloid shown in Fig. A-10b. This unicursal curve can be 
represented by 
U1 =.COS? XY (A-30) 
and 


iy = sin? xy (A-31) 
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Let the nonlinear inductor L be characterized by the ellipse shown 
in Fig. A-10c. This unicursal curve can be represented by 


ig = 2 sin X2 (A-32) 
G2 = COS XQ (A-33) 
and 

PE 5. iat Oe 

eae = sin X2 Fi (A-34) 


Let the nonlinear capacitor C be characterized by the cycloid 
shown in Fig. A-10d. This unicursal curve can be represented by 


v3 = 1 — cos x3 (A-35) 
Gs,— Xs — SiN X3 (A-36) 
and 

Syed Lae eae a3 A-37 
Be a ae (1 — cos x3) Fe ( ) 


To write the equations of motion, we obtain from KCL and 
KVL the following equations: 


aan (A-38) 
eae (A-39) 
Uy + Ve + U3 = 0 (A-40) 


Substituting into these equations the respective currents and volt- 
ages given by Eqs. (A-30) to (A-37), we obtain 


sin3 x, = 2 sin x2 (A-41) 

ngemon x3) 2 =a ohstep (A-42) 
: dx2 ~ 

cos? x; — sin x2 + (1 — cos x3) = 0 (A-43) 


Equations (A-41) to (A-43) constitute three nonlinear functional- 
differential equations in the three unknowns 1, X2, and x3. The 
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Fig. A-10. An illustrative uni- 
cursal nonlinear network. 
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next step is obviously to solve these equations. Since our purpose 
here is merely to demonstrate how the equations of motion can be 
written in parametric form, we shall not proceed to find the solu- 
tions. It suffices, however, to say that once the solutions x,(2), 
x2(f), and x3(f) are found, the voltages and currents of each ele- 
ment can be easily determined from Eqs. (A-30) to (A-37). 

In Chap. 1 we restricted our discussion of the energy flow into 
an energy-storage element to that of a flux-controlled inductor 
and charge-controlled capacitor. We shall now apply the parametric 
approach to derive similar expressions for the more general case of 
unicursal inductors and capacitors. Let us start with the unicursal 
relation for energy flow into a one-port black box; thus, 


W(to,t1) = les i(t)u(t) at (A-44) 


For a unicursal inductor we can substitute Eq. (A-22) and (A-23) 
in place of i and v in Eq. (A-44) and obtain 


dp(x) dx 
= A-45 
Femnre fae) 


By a standard change of variable, Eq. (A-45) reduces to 


w1(to,t1) = i i(x(2)) 


x(t1) apy A 
wr(to,t1) = i i(x) ae) dx (A-46) 


In the special case where the inductor is flux-controlled, we can 
simply choose the parameter x = g, in which case Eq. (A-46) re- 
duces Eq. (1-61) in Chap. 1. 

By a dual procedure the energy flow entering a unicursal 
capacitor is given by 


weltosts) = f°” u(x) BO ax (A-47) 


Again, observe that upon choosing x = q for a charge-controlled 
capacitor, Eq. (A-47) reduces to Eq. (1-54) in Chap. 1. 

An examination of Eqs. (A-46) and (A-47) shows that both 
W1(to,t1) and Wo(to,f1) depend only on the value of the parameter x 
corresponding to the initial point at ¢ = f and the value of the 
parameter x corresponding to the terminal point at ¢ = ty. The 
exact nature of the waveforms of v(¢) and i(Z) is immaterial. From 
this observation, we can conclude by the same reasoning as that — 
used in Chap. | that, provided the unicursal curve does not inter- 
sect itself, the average power will be zero. Such inductors and 
capacitors can only store energy and are, therefore, lossless. This 
conclusion is not true if the unicursal curve intersects itself, thus 
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forming a closed loop. This is because each time one goes around 
a closed loop and returns to the original point, the value of x in- 
creases by an amount equal to the perimeter of the loop. Therefore, 
even though we may be back at the same point at which we 
started, 


x(t) # x(to) (A-48) 
and the energy entering the element from fo to f is not returned 
to the external circuit. If we apply a periodic signal to such an ele- 
ment, a finite amount of energy is lost or dissipated per cycle, and 
the average energy cannot be zero. Such an inductor or capacitor 
is, therefore, not lossless. 

Let us verify the preceding result by considering a physical 
example. Suppose we apply a periodic voltage across a nonlinear 
inductor with hysteresis. Although no valid technique is presently 
available for describing the hysteresis phenomenon, our assump- 
tion of a periodic signal guarantees that the inductor will be 
operating around a closed i-¢ loop as shown in Fig. A-11a. Since 


y, webers 
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Fig. A-11. A demonstration 
that the energy lost per cycle 
is equal to the area enclosed 
by the hysteresis curve. 
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a closed loop is unicursal, we can obtain its parametric represen- 
tations i = i(x) and g = q(x) as shown in Fig. A-115 and c, respec- 
tively. Observe that these parametric functions are periodic; hence, 
only one period is shown. To apply Eq. (A-46), we must obtain 
dq(x)/dx and multiply it by i = i(x). This can be done by the graph- 
ical differentiation and multiplication techniques presented in Ap- 
pendix B. The results are shown in Fig. A-lld and e. If we 
graphically integrate Eq. (A-46) over one period, then since 
x(to) = 0 and x(t1) = 14.5, even though they seem to be the same 
point, we obtain 


wr(to,t1) = (: oe ix) HO ax = 5.8 watts (A-49) 


Equation (A-49) shows that 5.8 watts of energy is being dissipated 
per cycle in this case. From experience we know that this energy is 
lost in the form of heat generated in the iron core of the inductor. 
In fact, it has been verified experimentally that this energy loss per 
cycle is equal to the area enclosed by the hysteresis loop. If we can 
determine the area of the loop shown in Fig. A-1la by a planim- 
eter or by any other means, we would find the area to be approxi- 
mately 5.8 watts, as it should be. 


APPENDIX B_) GRAPHICAL 
TECHNIQUES FOR BASIC 
MATHEMATICAL OPERATIONS 


In the absence of a complete theory in nonlinear mathematics, it 
is usually impractical, if not impossible, to solve a nonlinear prob- 
lem analytically. Because of this, two basic approaches are gener- 
ally used for solving such problems. They are numerical techniques 
and graphical techniques. The first approach is extremely powerful 
and general when used with a computer. Since many books have 
been written on numerical techniques, we shall not consider them 
here. The second approach is less general, but it has at least four 
significant advantages over the numerical approach. The most 
important advantage is that it gives the user considerable insight 
into the overall nature of the problem. In fact, on many occasions 
the solution of one problem by graphical techniques automatically 
leads to the solution of several related problems with very little 
additional effort. The second advantage is that graphical techniques 
are generally valid even in the case of multivalued problems.! The 
third advantage is that all curves involved in the problem are 
specified in graphical form. This feature is very desirable in prac- 
tice because the characteristics of most nonlinear systems are 
invariably obtained empirically and hence are not represented in 
analytic form. The fourth advantage of graphical techniques is 
that, whenever applicable, they are usually simple to understand 
because they seldom require any mathematical background beyond 
calculus. This feature is particularly ideal for our purpose, and we 
have taken full advantage of it in this book. 

Graphical techniques usually involve the successive applica- 
tion of a sequence of six basic mathematical operations. They are 
(1) addition and subtraction, (2) multiplication and division, 
(3) composition, (4) elimination, (5) differentiation, and (6) inte- 
gration. The first four involve operations between two or more 
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1 This is not true in numeri- 
cal techniques because the 
assumption of uniqueness 
is almost always required. 
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functions, whereas the last two involve operations on one function 
only. Our purpose in this section is to present a simple procedure 
for implementing these operations graphically. 


B-1 GRAPHICAL ADDITION AND SUBTRACTION 


Consider any two functions defined by 


Vir= fis) (B-1) 
and 
ye = folxe) (B-2) 


Let y3 be the sum of y; and yo; that is, 


Ys = fa(%1,X2) = fia) + fore) (B-3) 


This sum can be obtained graphically by considering either x; or 
X2g aS a parameter, thereby reducing Eq. (B-3) to the sum of 
a function and a constant. Therefore, for each value of the assumed 
parameter, Eq. (B-3) represents a vertical translation of either 
fi(x1) or fo(x2). For example, if fa(x1) and fo(x2) are given, re- 
spectively, as shown in Fig. B-1a and b, then their sum is given by 
the system of curves shown in Fig. B-lc with x2 chosen as the 
parameter. In the special case where the variables x; = x2 = x, the 
curves in Fig. B-lc can be reduced to one curve by obtaining the 
value of y3 at the intersection between the curve with parameter 
X2q = x and the vertical line x2 = x, for each value of x. The result 
is shown in Fig. B-1d. Of course, in this case it is easier to obtain 
the sum directly by aligning the axis y; and yz and then adding the 
ordinates corresponding to each value of x = x1 = X2. 

Exactly the same procedure applies in the case of subtraction. 
In fact, the two curves need not even be functions, as in the case 
of multivalued curves. In this case the procedure must be applied 
to each branch of the curves separately, and all possible combina- 
tions must be included. 


B-2 GRAPHICAL MULTIPLICATION AND DIVISION 
Consider Eqs. (B-1) and (B-2) again, but this time let 
y3 = fa(X1,.X2) = fi(x1)fo(x2) (B-4) 


This product can be obtained graphically by considering either 
X1 OF X2 as a parameter, thereby reducing Eq. (B-4) into the product 
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of a function and a constant. For example, if fi(x1) and fo(x2) are 
given, respectively, as shown in Fig. B-2a and 5, then the product 
is given by the system of curves shown in Fig. B-2c with x; chosen 
as the parameter. In the special case where x; = x2 = x, the 
curves in Fig. B-2c can be reduced to one curve by the same 
procedure as before. The result is shown in Fig. B-2d. Of course, 
in this case, it is easier to align the two vertical axes and multiply 
the ordinates corresponding to the same value of x directly. 


B-3. GRAPHICAL COMPOSITION 


Suppose we are given two functions 


z=f0) (B-5) 
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Fig. B-1. Graphical procedure 
for adding two functions. 
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Fig. B-2. Graphical procedure 
for multiplying two functions. 
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“Ny, =f, (x1) 


-+— +—_——_+— eX 
2 4 6 


(a) 


Yo=ho (x2) 


+ —> X95 


p+ 


(6) 


(c) 


(d) 


and 
y = g(x) (B-6) 


If we substitute Eq. (B-6) in place of y in Eq. (B-5), we obtain 
a new function 


z = K(x) = f(g(x)) (B-7) 


This process of taking the function of another function is called 
the composition operation. It is clear from Eq. (B-7) that the com- 
position operation always leads to a new function. 

A simple graphical procedure can be used to obtain the com- 
position between two functions. This consists of plotting on 
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quadrille paper the two functions z = f(y) and y = g(x) in the 
relative positions shown in Fig. B-3. The new function z = h(x) is 
located in the upper left-hand corner. Since the domain of the new 
function is x, the procedure consists of dropping vertical guidelines 
for each value of x until it intersects the curve y = g(x), at which 
point it is then projected horizontally to the right. Upon hitting the 
unity slope line, the guideline continues upward until it intersects 
the curve z = f(y), at which point it is projected horizontally to 
the left. The intersection of the two guidelines in the z-x plane 
gives one point of the new function z = A(x). This procedure 
is then repeated for different values of x. Obviously, if drawn on 
quadrille paper, the guidelines need not be actually constructed. It 
is easy to see now that as long as f(y) and g(x) are functions, there 
will always be only one point in the x-z plane corresponding 
to each value of x. In other words, z = A(x) is always a function. 
If either f(y) or g(x) or both are multivalued, the composition 
procedure is still valid. However, the resulting curve in the x-z 
plane will no longer be a function, and Eq. (B-7) must be replaced 
by a relation 


h(x,z) = 0 (B-8) 


B-4 GRAPHICAL ELIMINATION 


Suppose we are given two functions with the same independent 
variable y, namely, 


z=f(y) (B-9) 
and 
x = g(y) (B-10) 


45° 
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Fig. B-3. Graphical procedure 
for taking the composition of 
two functions. 
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Fig. B-4. Graphical procedure 
for eliminating the common 
variable between two func- 
tions. 
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A common operation calls for eliminating the “common” variable 
y, thereby obtaining a new “relation” 


hz) =" 0 (B-11) 


in the x-z plane. Observe that we have used the term “relation” 
instead of “function” because the resulting curve need not be 
a function. In fact, it is easy to see that in order for the result to 
be a function, we must take the inverse of Eq. (B-10), y = g(x), 
and substitute this in place of y in Eq. (B-9) to obtain the composi- 
tion z = A(x). But we already know that the inverse y = g-1(x) will 
be a function if, and only if, x = g(y) 1s either a strictly monotoni- 
cally increasing function, or a strictly monotonically decreasing 
function. Hence, the same condition is required for Eq. (B-11) to 
be a function. Observe that the elimination operation is equivalent 
to taking the composition between a function and the inverse 
of another function. 

A simple graphical procedure can be used to eliminate the 
common variable between two functions. This is shown in Fig. B-4. 
Observe that the only difference between Figs. B-3 and B-4 is in 
the position of the unity slope line. Otherwise, the graphical con- 
structions are exactly identical. A moment’s inspection of Fig. B-4 
reveals that if the curve x = g(y) is not strictly monotonically in- 
creasing, or strictly monotonically decreasing, the lower horizontal 
projection line will intersect it at more than one point, thereby re- 
sulting in a multivalued function z = h(x). 


B-5 GRAPHICAL DIFFERENTIATION 


Consider an arbitrary point Q on a curve y = f(x) as shown in Fig. 
B-5a. Our purpose here is to find a simple graphical procedure for 
determining the slope at point Q. Suppose we draw a tangent line 
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through Q until it intersects the x axis at point A. The slope 
at point Q is, therefore, given by 


*| _y 
ee ay (B-12) 


Next, draw the x-z axes in alignment with the y axis as shown in 
Fig. B-5d and locate the point P, called the pivot, at a unit distance 
to the left of the origin. Through this point P draw a straight line 
parallel to the tangent line QA in Fig. B-5a. Let Q’ be the inter- 
section of this line with the z axis. A moment’s inspection shows 
that the two triangles QAB and Q’PO’ are similar. Therefore, 


O’O’ QO’ Oo’ dy B 
= = a 13 
OP. 1 dx ( ) 


Equation (B-13) shows that the z coordinate of point Q’ in Fig. 
B-5b automatically gives the slope of point Q in Fig. B-5a. There- 
fore, the intersection between the horizontal line through Q’ and 
the vertical line through Q establishes the derivative of y = f(x) at 
Q. With a pair of triangles this procedure can be easily imple- 


| a4 AY 


7 ti 
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Fig. B-5. Graphical procedure 
for obtaining the derivative of 
a curve. 


(c) 


- >Xx 


XxX 
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mented to obtain the derivative curve z = dy/dx. For example, 
applying this procedure to the curve shown in Fig. B-5c, we obtain 
the desired derivative curve shown in Fig. B-5d. Observe that the 
graphical construction could have been made directly on the x-y 
plane. 


B-6 GRAPHICAL INTEGRATION 


Consider first the simpler case of a staircase curve y = f(x) as 
shown in Fig. B-6a. We would like to derive a simple graphical 
procedure for obtaining the integral 


Ac ih F(x) dx (B-14) 


as a function of the upper limit of integration x. In view of 
the stepwise nature of f(x), the integral of f(x) will be piecewise- 
linear and will have a breakpoint Q; at each value x = x; where 
F(x) jumps abruptly. Hence, if the slope of each piecewise-linear 
segment can be determined graphically, then the integral of f(x) 
can be readily obtained. To find this slope, it suffices to consider a 
pair of adjacent breakpoints Q; and Q;,; and the segmeni con- 
necting them, as shown in Fig. B-6a. If we denote the value of the 
integral at QO; and Q;,1 by z(x;) and z(x;41), respectively, then the 
increase in z(x) from x; to x;,1 must be equal to the area under the 
rectangle with a height f(x;); that is, 


Az = 2(xj41) — 2(j) = O41 — Xi) £05) (B-15) 


From Eq. (B-15) we obtain the slope m; of segment /. 


m; — 2%j41) = 200) = f(x) (B-16) 


Xjt1 — Xj 


Hence the slope of segment j is equal numerically to the height 
J (xj) of the stepwise curve at x = x;. Now, suppose we locate 
a pivoting point P at a unit distance from the origin and draw 
a straight line connecting P and the point of intersection Q; be- 
tween the y axis and the projection of the horizontal step y = f(x). 
Observe that the slope of the line Q;P is equal to f(x;) and is, 
therefore, equal to the slope of segment j. This means that if we 
draw a line through Q; parallel to Q; P until it cuts the vertical line 
X = Xj41, the resulting segment is exactly the integral curve from 
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x; to xj,1. The terminal point at x = xj, is the breakpoint Q;4. 
Starting from this point all over again, we can continue until the 
entire integral curve z(x) is obtained. Figure B-6b shows an exam- 
ple of how this procedure is carried out. Observe that the solution 
obtained in this manner is exact. In practice, if the same vertical 
scale is chosen, the integral curve might become too large and thus 
leave the paper. In this case, we can easily change the scale of z(x) 


Fig. B-6. Graphical procedure 
for integrating a curve y = f(x) 
from Xo to x. 
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by changing the distance of the pivoting point P. Clearly, if the 
distance PO is greater than unity, the ordinate of z(x) will decrease, 
thereby effecting a change in scale. 

When the curve y = f(x) is not a stepwise function as is 
usually the case, we can devise a fairly accurate but approximate 
method, provided the curve f(x) is sufficiently smooth. Under this 
assumption, the integral will also be smooth. This means that if we 
can accurately determine a string of points separated by small 
increments in x, then by drawing a smooth curve through these 
points, we should obtain a reasonably accurate solution curve. In 
order to obtain the string of points accurately, we can replace the 
curve y = f(x) by a stepwise function F(x) chosen such that the net 
area between the F(x) and f(x) over each interval approaches zero. 
For smoother curves this can be easily done visually. For example, 
the smooth curve y = f(x) shown in Fig. B-6c might be approxi- 
mated by the stepwise function F(x). For convenience we have 
chosen f(x) in Fig. B-6c so that the stepwise function F(x) coin- 
cides with that shown in Fig. B-6b. Therefore, the string of points 
are identical as shown in Fig. B-6c. The final integral is obtained 
by passing a smooth curve through these points. Observe that this 
curve is a much better approximation of z(x) than the piecewise- 
linear curve of Fig. B-6b. 


APPENDIX C SCHE! ae 
DIAGRAMS OF SC 
CIRCUITS 


C-1 CIRCUITS FOR TRACING v-i, v-g, AND i-p CURVES 


A simple circuit for tracing the v-i curve of a nonlinear resistor is 
shown in Fig. C-1. The Variac (variable autotransformer) is used 
to vary the amplitude of the sinusoidal input voltage, and the 
isolation transformer is used to isolate the common terminal of the 
tracer circuit from the chassis ground. The resistor R is used 
to monitor the current through the nonlinear resistor and may be 
assigned any convenient value if the v-i curve is monotonic. How- 
ever, if the v-i curve is voltage-controlled, as in the case of a tunnel 
diode, the value of R must be chosen small enough so that at any 
time ¢ the load line representing R will intersect the v-i curve 
at only one point. If the v-i curve is current-controlled, as in the 
case of a neon bulb, the value of R must be chosen large enough 
so that at any time ¢ the load line representing R will intersect the 
v-i curve at only one point. It is important that the stray inductance 
and stray capacitance be kept as small as possible in the non- 
monotonic case by using short leads. Otherwise, the circuit may 
become unstable and burst into oscillation. 


Fuse Variac Oscilloscope 


transformer 
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Fig. C-1. Schematic diagram 
of a v-i curve tracer. 
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Fig. C-2. Schematic diagram 
of a v-g curve tracer. 


Fig. C-3. Schematic diagram 
of an i-p curve tracer. 
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Step-up Oscilloscope 
transformer 


Signal 


generator 


Yin Integrator 


To trace the v-g curve of a nonlinear capacitor, we must 
integrate the capacitor current in order to obtain the charge g. 
Similarly, to trace the i-p curve of a nonlinear inductor, we must 
integrate the inductor voltage in order to obtain the flux linkage 9. 
A simple circuit for tracing the v-g curve of a nonlinear capacitor 
is shown in Fig. C-2. The dual circuit for tracing the inductor i-p 
curve is shown in Fig. C-3. A signal generator is used in order to 
obtain a variable-frequency voltage source. The step-up trans- 
former in either circuit is not absolutely necessary. However, 
there are two advantages in using the transformer. First, it is used 
to match the impedance of the tracer circuit to the generator (for 
this purpose the transformer may be replaced by a transistorized 
booster circuit such as an emitter-follower). A second advantage 


Step-up 
transformer A Oscilloscope 


Integrator 
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€,(0.04 uF) R,(100ka) 


C3 


(0.005 uF) ae 


of using a transformer with a tapped secondary winding is that the 
input impedance and the stray capacitance of the oscilloscope can 
be neutralized by adjusting R, and C,. If, for example, the trans- 
former is center-tapped, C, should be set equal to the stray capac- 
itance, and R, should be set equal to the oscilloscope impedance. 
If the turns ratio of the bottom-half secondary winding to the 
upper-half secondary winding is k, then C, should be set equal to 
1/k times the stray capacitance, and R, should be set equal to k 
times the oscilloscope input impedance. The current-monitoring 
resistor R should be on the order of 100 & for tracing v-q curves 
with incremental capacitance under | pF, and about 10 Q if the 
incremental capacitance is above | pF. For the inductor curve 
tracer, the value of R should be about 100 Q. 

The integrator circuit designed for the above curve tracers is 
shown in Fig. C-4.1 In order to minimize loading effects, an 
isolation box (see Fig. 3-20b of Chap. 3) is chosen to be the input 
stage. The second stage is the main integrating circuit (see Fig. 
3-23a). In order to prevent the integrator from drifting into satura- 
tion, the third stage provides a negative feedback loop for elimi- 
nating the dc component of the integrator. The values for C; and 
R, should be chosen equal to 1 uF and 30 kQ, respectively, for op- 
erating frequencies above 150 Hz. For lower frequencies, choose 
Cy = 10 pF and Ry = 5 Mi. 
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+15 volts 


—15 volts 


_ =] 
Up = B,C, [o,ae 


Fig. C-4. Schematic diagram 
of an integrator circuit for the 
curve tracers. 


1A Nexus SQIOA (or any 
equivalent) operational 
amplifier may be used for 
this circuit, as well as for 
the following circuits. 
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Fig. C-5. Schematic diagram 
of a voltage-controlled voltage 
source. 
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+15 volts 


R,(10k@) 


R,(0.7 2) 


—15 volts 


C-2 CIRCUITS FOR SIMULATING CONTROLLED SOURCES 


The schematic diagrams for the four types of controlled sources 
are shown in Figs. C-5 to C-8. Observe that, except for the input 
stage, the circuit for the voltage-controlled voltage source in Fig. 
C-5 is identical with the right-half portion of the current-controlled 
voltage source in Fig. C-6. Observe also that except for the addi- 
tional current-sensing resistor Re, the circuit for the current- 
controlled current source in Fig. C-7 is identical with that of the 
voltage-controlled current source in Fig. C-8. Hence, with the help 
of switches, one needs only to build two basic circuits in order to 
simulate any one of the four types of controlled sources. The values 
of the resistors in these diagrams are given for a particular value 
of the controlling coefficients; namely, k,, ~ —1 for the voltage- 
controlled voltage source, key =—1.3 volts/ma for the current- 
controlled voltage source, k.- = 1 for the current-controlled current 
source, and ky, = 10 ma/volts for the voltage-controlled current 
source. A different controlling coefficient can be obtained by an 
appropriate choice of resistor values. A more detailed description 
of each circuit and the procedure for adjusting the controlling 
coefficients are given below. 
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Voltage-controlled voltage source To a first approximation, the con- 
trolling coefficient k,, of the circuit shown in Fig. C-5 is given by 


Cees —Rog 
Mw, Ry — Res + RoVRe + RA mal 
For satisfactory operation, Rg should be less than an ohm to en- 
sure high-current output, and Rj2 must be chosen small enough in 
order to maintain a proper bias on the emitter-follower transistor 
2N4237. To ensure a stable operation, R; must be chosen greater 
than Re[(Ri + Ro)/(Re + R7)]. 

With the resistor values shown in Fig. C-5, the circuit can de- 
liver a maximum current of +0.1 amp. The output impedance is 
slightly negative (—0.1 2 < Zp < 0) so that the circuit will cancel 
the lead resistance of the external circuit. The frequency response 
of this circuit is a function of the output voltage level. At 20 volts 
peak-to-peak (and within the allowable output current level) the 
response is flat to about 40 kHz. The phase shift between the in- 
put and output becomes significant above 20 kHz. At 2 volts 
peak-to-peak the response is flat to about 100 kHz. The phase 
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Fig. C-6. Schematic diagram 
of a current-controlled voltage 


source. 


(9.1 k) 


wae 
(100 Q) 


R, (10 ka) 
Rg (2.7 k2) 


+15 volts 


—15 volts 


Vo=Revlj 
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R,3 (1 ka) 


Ryp (470 2) 


+15 volts 


R, (209) 


Ry, (1 ka) Ry (1 ka) 


R, (82 Q) 


2 R,,(1 M2) 


aniiat (> 


R, (4702) 


Rg (16 ka) 


—15 volts 


Fig. C-7. Schematic diagram 
of a current-controlled current 
source. 


shift between the input and output in this case becomes significant 
above 50 kHz. 


Current-controlled voltage source The controlling coefficient k,, in 
this case is given approximately by 


_ Uo — ( R5Ri1R1s 
Ky = Em | 2R3Ra 
= Re 
a eee 59) 
ae + Ry) — Rel(Ri + Ri1)/(Re + R7)] oe 


If Rg is very small, a more accurate approximation is obtained by 
replacing Ry; in Eq. (C-2) by the parallel combination of R; and 
Ry. The qualitative information described above for the voltage- 
controlled voltage source also applies to this circuit. 


Current-controlled current source The controlling coefficient k,, is 
given approximately by 


Io — R2Ri3 
1; ibe 2R,R3 fe =) 


| rea 
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The input portion of this circuit (consisting of the three transistors 
2N2604 and the resistors Ri, Re, Rio, Ri, Riz, and Ry,3) con- 
stitutes a differential amplifier. When adjusting the gain of this 
differential amplifier, R19 must be readjusted for proper bias cur- 
rent. If the peak-to-peak voltage developed across the input ter- 
minals is V,, the bias current must be at least equal to V,/2R; in 
order to ensure proper operation of the two input transistors. The 
remaining portion of the circuit on the right is the main current 
source. In adjusting the gain of this output stage, the ratio R5/R4 
should be kept constant (in order to maintain positive feedback 
due to the 2N1131 transistor stage), and R3 must be set equal to 
(R4 + Rs) in order to ensure zero output current whenever the in- 
put current is zero. If the gain is increased by adjusting the resis- 
tors R3, Rs, Rs, etc., in the output stage, the value of Re and 
R; may have to be reduced in order to ensure an infinite shunt re- 
sistance. (An increase in the value of Rg and R; may be necessary 
if gain is reduced by changing the value of R3, R4, and Rs.) An al- 
ternate method for adjusting the bias of the 2N1132 transistor 
consists of adjusting the values of Rg and Rg for zero output cur- 


rent when the input current is zero. If this is done, it may not be Fig. ©-8. Schematic diagram 
of a voltage-controlled current 


source. 


+15 volts 


R,,(4702) 


2N2604 


—15 volts 
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Fig. C-9. Schematic diagram 
of a VNIC circuit. 
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necessary to change R4 and R; whenever R3 is changed. In prac- 
tice, a combination of these methods may be more appropriate. 

The output current of the 2N1132 transistor is equal approxi- 
mately to the ratio between the voltage across Ro (approximately 
—0.6 volt) and (R4 + Rs). Similarly, the current input to the collec- 
tor of the 2N2192 transistor is equal approximately to the ratio 
between the voltage across R13 (approximately —0.6 volt) and R3. 
The common-mode limit of the differential input stage is limited by 
the voltage drop across Rj. If the current bias on this stage is at 
least V,/2R1, the voltage drop across either resistor R; may be as 
much as 2V,. If the total power supply voltage is 30 volts, 
the maximum common-mode voltage is about +(15 — 2V,) volts, 
where, as usual, V, denotes the peak-to-peak voltage developed 
across the input terminals. 

With the resistor values shown in Fig. C-7, the circuit can de- 
liver a maximum output current of about +10 ma. The frequency 
response is flat to about 100 kHz. The output impedance of this 
circuit can be either positive, negative, or infinite, depending on 
the adjustment of the 1-M@ potentiometer across the output 
terminals. 


Voltage-controlled current source The controlling coefficient k,. for 
this circuit is given approximately by 


Rx3 
Kee — 
2R,R3 


(C-4) 


- 


—15 volts 


Appendix C 


937 


— 15 volts Bae 


(SCS) v, 
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The qualitative information described above for the current- 
controlled current source remains valid in this case. The only 
difference is that whereas V, in the previous case is equal to the 
peak-to-peak voltage developed across Re (due to the input cur- 
rent), it is equal in this case to the input voltage. 


C-3 CIRCUITS FOR SIMULATING NEGATIVE-IMPEDANCE CONVERTERS 


The negative-impedance converter (NIC) is a linear active two-port 
network element with the property that whenever an impedance Z 
is connected across either port 1 or port 2 of the NIC, a negative 
impedance (— Z) is measured across the other port (see Sec. 3-7-3).1 
There are two types of NIC, a VNIC (see Eq. 3-97) and an INIC 
(see Eq. 3-98). Simple operational amplifier circuits for simulating 
a VNIC and an INIC are shown in Figs. C-9 and C-10, re- 
spectively. The two resistors R may be assigned any convenient 
value (say, from 10 Q to 1 MQ). The circuit shown in Fig. C-10 is 
preferred in practice because of its common-ground feature. 
Because of the presence of parasitic inductances and capaci- 
tances, any NIC circuit is potentially unstable. While it is true that 
either port of the NIC has the same impedance transformation 
property, it turns out that in order for stable operation to be pos- 
sible, only one port of the NIC will permit a high-impedance load 
to be connected across it, while the other port will permit only a 
low-impedance load. Since in the limit a high-impedance load be- 


Fig. C-10. Schematic diagram 
of an INIC circuit. 


1 A more complete coverage 
of  negative-impedance 
converters can be found 
in L. P. Huelsman, “The- 
ory and Design of Active 
RC Circuits,’ chap. 4, 
McGraw-Hill Book Com- 
pany, New York, 1968. 
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Fig. C-11. Schematic diagram 
of a voltage scalor. 
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— 15 volts 
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comes an open circuit and a low-impedance load becomes a short 
circuit, the high-impedance port is said to be open-circuit stable 
(OCS), whereas the low-impedance port is said to be short-circuit 
stable (SCS). It is common practice, therefore, to label the two 
ports of an NIC circuit according to whether they are OCS 
or SCS. For the VNIC circuit shown in Fig. C-9, port 1 is 
SCS, while port 2 is OCS. The opposite is true for the INIC cir- 
cuit shown in Fig. C-10. 


C-4 CIRCUITS FOR SIMULATING SCALORS 


Two types of scalors are defined in Sec. 3-7-1, namely, a voltage 
scalor and a current scalor. A practical circuit for simulating a 
voltage scalor is shown in Fig. C-11, and that for a current scalor 
is shown in Fig. C-12. The operational amplifier in Fig. C-11 
serves as a voltage-controlled voltage source. The two-transistor 
symmetrical emitter-follower is used to increase the range of the 
output current. The voltage scale factor k, of the voltage scalor is 
given approximately by 
Ry 


kn = a 
ja. R (C-5) 


The current scalor circuit in Fig. C-12 exhibits a high degree 
of symmetry. Hence, if the two transistors are matched, and if the 


transistors have a high beta, then the following approximate ex- 
pression can be easily derived for the current scale factor k;: 


In 


R, (10 ka) 


+15 volts 


R, (50 kQ) 
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1N458A 


1N458A 


Rg 
hee s 
a (C-6) 


E 


Observe that ve in this circuit is not exactly equal to v; because of 
the voltage drop across Rg. However, since the current iz is gen- 
erally much smaller than i;, and since Rg is a relatively small re- 
sistance, we have v2 = 04. Finally, observe that the two junction 
diodes are used only for biasing purposes. 


C-5 CIRCUITS FOR SIMULATING ROTATORS 


A rotator may be simulated in practice by either a 7 network or a 
T network of three linear resistors (see Fig. 3-32). If we pick the 
a network whenever the angle of rotation lies in the range 
0° <@< 180° and the T network whenever the range is — 180° < 
6 < 0°, then only one negative resistor will be needed. This nega- 
tive resistor can be easily simulated by connecting a positive re- 
sistor of the same magnitude across an appropriate port of 
the VNIC circuit shown in Fig. C-9 or the INIC circuit shown in 
Fig. C-10. Because of the output current limitation of the opera- 
tional amplifier, only a low-power rotator can be obtained using 
these circuits. A high-power INIC circuit designed specifically for 
this purpose is shown in Fig. C-13. Whether the negative resistance 
is to be obtained across an OCS port or a SCS port depends on 
both the angle of rotation @ and the nature of the v-i curve to be 
rotated.t 


C-6 CIRCUITS FOR SIMULATING REFLECTORS 


The reflector is defined in Sec. 3-7-3 for the purpose of reflecting a 
given v-i curve with respect to some straight line through the 


939 


Fig. C-12. Schematic diagram 
of a current scalor. 


1L. O. Chua, The Rotator- 
A New Network Com- 
ponent, Proc. IEEE, vol. 
55, no. 9, pp. 1566-1577, 
September, 1967. 
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* + Supply 
(15 volts ) 


100 0 
(10 watts ) 


(10 watts ) (SCS) Uy 


= 9n1722 
or 
2N1724 


Fig. C-13. Schematic diagram 
of a high-power INIC circuit. 


origin. Two basic realizations of the reflector are given in Fig. 3-34. 
These circuits can be simulated by the operational amplifier cir- 
cuits shown in Figs. C-14 and C-15. The resistor values for these 
circuits were chosen so that the v-i curve will be reflected in the 
milliampere-volt plane. In order for all resistors in these circuits 
to be positive, the reflector circuit shown in Fig. C-14 should be 
used only if the angle of reflection @ lies in the range 0° < 0 < 90°. 
Similarly, for the range 90° < 6 < 180° the reflector circuit shown 
in Fig. C-15 should be used. The circuit shown in Fig. C-13 can be 
used in place of the INIC circuit in Figs. C-14 and C-15. 


C-7_ CIRCUITS FOR SIMULATING MUTATORS 


The mutator is defined in Sec. 3-8 for the purpose of transforming 
one type of network element into another. An R-L mutator will 
transform a nonlinear resistor into a nonlinear inductor, and vice 
versa. An R-C mutator will transform a nonlinear resistor into a 
nonlinear capacitor, and vice versa. A third type of mutator, the 
C-L mutator, will transform a nonlinear capacitor into a nonlinear 
inductor, and vice versa. This type of mutator is shown in Sec. 3-8-3 
to be a gyrator and can, therefore, be simulated by the reflec- 
tor circuit shown in Fig. C-14 with 9 = 45°. 


10* cot(@) a 


10 cot(@) 2 


~10* cot (8) 2 


—10° csc (26) 2 


2x 10*csc(20)Q 


+15 volts 


—15 volts 


Com. 


10° csc(20) 2 


Com. 


3 
— 15 volts LR I 


Fig. C-14. Schematic diagram 
of a reflector circuit for 0° < 
@< 90°. 


Fig. C-15. Schematic diagram 
of a reflector circuit for 90° < 
@< 180°. 


— 15 volts 


—10° cot (6) 
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1 MQ 


200 ka 0.005 uF - 


1 MQ 


+15 volts 


+=— « — >| 


— 15 volts 


ea 


Fig. C-16. Schematic diagram 
of an R-L mutator circuit. 


Fig. C-17. Schematic diagram 
of an R-C mutator circuit. 


A practical circuit for simulating an R-L mutator is shown in 
Fig. C-16, and one for an R-C mutator is shown in Fig. C-17. Ob- 
serve that a voltage-controlled current source is required in both 
cases. The circuit shown in Fig. C-8 can be used for this purpose. 
An inspection of the two mutator circuits in Figs. C-16 and C-17 
shows that, except for the location of the linear capacitor, the cir- 
cuit in Fig. C-17 is a mirror image of the circuit in Fig. C-16. 
Hence, with the help of a switch, the same circuit can be used to 
function either as an R-L mutator or as an R-C mutator. 


+<—___ © —> | 


—15 volts 


+15 volts 


200 kQ 200 ka 1 MQ 


1 MQ D 
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Voltage V, volts 


Fig. D-13. Typical characteristics of positive-temperature-coefficient thermistor type 1NXX13. 


Fig. D-14. Typical characteristics of SCR type 2NXX14. 
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Collector current se ma 
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Fig. D-15. Typical characteristics of n-p-n transistor type 2NXX15 (common-base configuration). 


Fig. D-16. Typical characteristics of p-n-p transistor type 2NXX16 (common-base configuration). 
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Fig. D-17. Typical characteristics of n-p-n transistor type 2NXX17A (common-emitter configuration). 


Fig. D-18. Typical characteristics of n-p-n transistor type 2NXX17B (common-emitter configuration). 
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Fig. D-21. Typical characteristics of n-channel FET type 2NXX19. 


Fig. D-22. Typical characteristics of p-channel FET type 2NXX20. 
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Dynamic network solution theorems: Existence theorems: 

capacitor-inductor-loaded isocline network, combined interpolation and approximation, 
836 907 

capacitor-loaded isocline network, 835 DP plot, 245 

complete-response, 783 dual network, 208 

constant-slope capacitor-loaded network, 799 fundamental interpolation, 905 

constant-slope inductor-loaded network, monotonic solution, 646 
799-800 TC plot, 245 

explicit equilibrium state, 616 uniqueness, 246 

exponential waveform solution, 701 Weierstrauss approximation, 906 


implicit equilibrium state, 615 

inductor-loaded isocline network, 836 

initial conditions, choice of, 588-589 

order of complexity, determination of, 590- 
591 

trajectory slope, 865 

zero-state response, 780 


Miscellaneous theorems: 
complementary network, 353 
Kuratowski’s, 208 
positive-negative logic network conversion, 
474 


Realization and synthesis theorems: 
lattice network synthesis, 408 


Tee oo : scalor-reflector realization, 399 
current-source substitution, 331 gealomretttorrealivation, 297 
i-shift, 334 
Norton’s, nonlinear, 328 
open-circuit substitution, 332 Symmetry theorems: 
short-circuit substitution, 332 flip-over symmetric network, 345 
Thévenin’s, nonlinear, 328 rotationally symmetric isocline network, 878 
v-shift, 332 rotationally symmetric network, 346 
voltage-source substitution, 331 symmetric DP plot-TC plot, 350 
Existence theorems: symmetric lattice network, 346 
Bendixon’s, 875 vertically symmetric isocline network, 877 
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SUBJECT INDEX 


Abrupt-junction diode, 32 
AC-dynamic network, 226n. 
AC-resistive network, 226n. 
Active components, 387 
Active resistor, 42, 63, 242 
Addition, graphical, 920 
Algebraic equation, 155n. 
Algorithm, 179 
Almost periodic waveform, 39 
Ampere, 4, 53 
Amplification factor, 508 
Amplifier: 
complementary symmetric, 356-357 
de, 355-356 
differential input, 149 
logarithmic, 238-241 
operational, 109-110 
applications of, 115-128, 145 
in TC plot synthesis, 405-407 
parametric, 34, 894 
pulse, 733 
push-pull, 357 
Amplitude modulation (see Modulation, 
amplitude) 
Analog circuit, 117-128 
Analog computer, 126-127 
Analog-to-digital conversion, 431-433 
Analysis: 
of first-order autonomous networks, 636-696 
of first-order nonautonomous networks, 
778-822 
of first-order switching networks, 697-724 


Analysis: 
graphical methods of, 253-324 
of nth-order autonomous networks, 880- 
897 
piecewise-linear methods of, 526-580 
of second-order autonomous networks, 823- 
879 
AND gate, 111-112, 148, 471-478 
Aperiodic waveform, 426 
Approximate analytic approach, 895 
Approximation, 905 
Arc length, 910 
Assumed reference convention, 7-9 
Assumed states, method of, 577 
Astable multivibrator, 726-730 
Asymptotic stability, 624 
Automatic comparison circuit, 282-285 
Automatic sorting circuit, 280-282 
Autonomous network, analysis of, 195 
first-order, 636-696 
nth-order: approximate analytic approach, 
895 
heuristic approach, 885-890 
numerical-integration approach, 881-883 
piecewise-linear approach, 884-885 
qualitative approach, 890-895 
second-order: analytic methods, 843-847 
isocline network method, 833-842 
phase-plane technique, 823-833 
piecewise-linear technique, 847-859 
Avalanche diode, 20 
Avalanche voltage, 276 


975 


976 


Back diode, 21 
Back-to-back parallel connection, 271 
Back-to-back series connection, 350 
Back-to-front parallel connection, 350-351 
Back-to-front series connection, 267 
Balancing property of bridge circuit, 284n. 
Barium titanate dielectric, 70 
Base-and-peak clipper, 428 
Base clipper, 427 
Basic network configurations, 255-266 
Beat frequency, 27-28 
Bendixon’s theorem, 875-876 
Biasing: 
three-terminal resistor, 374-382, 413 
sensitivity considerations, 382-386 
two-terminal resistor, 369-373, 413 
Bidirectional switch, 452 
(See also Switch) 
Bilateral resistor, 23, 343 
Binary logic, 738 
Bistable multivibrator, 737-746 
Black box, 11-17, 423 
Bootstrap circuit, 776 
Branch, 156, 158 
Breakdown diode, 20 
Breakpoint, 566, 905 
Bridge circuit, 285 
Brute force method, 794 
Building blocks, 387 


Canonic form, 526-530, 573 
Capacitance, 31 
incremental, 32 
self- and mutual, 104n. 
Capacitor: 
controlled, two-terminal, 67, 78 
dual of, 204 
linear, 30-31, 104 
nonlinear, 31-32 
applications of, 32-35 
power, average power, energy in, 42-45 
three-terminal, 103-104 
time-varying, 49-50 
two-terminal, 16, 30-35 
unicursal, 913 


Subject index 


Capacitor-inductor-loaded isocline network 
theorem, 836 
Capacitor-loaded isocline network theorem, 835 
Carrier, 49, 60, 814 
Cascade connection of three-terminal resistors, 
313-315 
Catching diode, 774 
Cathode follower, 431n. 
Cell, 792 
Characteristics: 
of three-terminal resistor, 86-98 
of two-terminal black box, 11-17 
Characterization, 489 
Charge, 3, 5, 53 
conservation of, 654, 656 
Chopper, 461 
synthesis of, 461-463 
C-L mutator, 142-143 
Clamping circuits, 809 
Classification: 
of curves, 19-23 
of dynamic networks, 583-585, 626 
of networks, 152-153, 213 
Clipper, 299, 427-431, 734 
Closed trajectory, 609 
Coincidence gate, 466-467 
Combined interpolation and approximation 
theorem, 907 
Commensurate frequencies, 27, 890, 892 
Common-emitter amplifier, 415 
Comparison circuit, 282-285 
Compensation, 72, 433-437, 443 
Complementary network, 353-355 
Complementary-network theorem, 353-354, 
361, 379, 389 
Complementary symmetric amplifier, 356 
Complete response, 781-783 
Complete-response theorem, 783 
Complexity of dynamic network (see Order of 
complexity) 
Composite characteristics of three-terminal 
resistors, 311-315 
Composition, 75-78, 292, 410, 565 
graphical, 921-923 
Computer programs for analysis of resistive 
networks, 558-562, 573-574 


Subject index 977 


Concave resistor (see Resistor, concave and Current-inversion negative-impedance 
convex) converter (INIC), 137 
Conductance, 17 Current-limiting diode, 187. 
ac, 57 Current ratio-voltage ratio representation, 93, 
dc, 57 94, 144 
incremental, 641 Current-source substitution theorem, 331, 335 
short-circuit, 94 Curve generator, 495 
Conductance representation, 89, 94, 144 Curve tracing circuit, 929-931 
Conductance-resistance representation, 92, 94, Cut set, 163, 214 
144 fundamental, 165, 214 


Connected graph, 158 
Connected network, 157-158 


Conservation: Damping constant, 867 
of charge, 654, 656 Darlington circuit, 340-342 
of flux linkages, 656 Dc dynamic network, 226n. 
Constant-current diode, 20, 296, 387, 395, 418 De resistive network, 226n. 
Constant-slope capacitor-loaded network Decomposition method, 393 
theorem, 799 Delay line, 734 
Constant-slope curve, 794 Delay time, 6, 77 
Constant-slope inductor-loaded network Demodulator, 814 
theorem, 799-800 Describing function, 58, 59 
Constant-slope method, 793-806, 819 Design, 368 
Constant-slope network, 797-800 Detector, 814 
Constraints on multiterminal elements, Differential input amplifier, 149 
108-115 Differentiation, graphical, 924-926 
Contradiction method, 474 Differentiator, 121-122, 784-785 
Controlled elements, 62-83 Diode, 20-22 
applications of, 68-70 abrupt-junction, 32 
two-terminal, 62-67, 78 catching, 774 
Controlled sources, 70-72, 118-121, 401, field-effect, 187. 
495-502, 526, 537, 932-937 ideal, 23-24 
Controlling variable, 62 junction, 18 
Convergence, rate of, 185 light-emitting, 75 
Convex resistor (see Resistor, concave and tunnel, 19 
convex) vacuum, 18 
Convolution integral, 780n. varactor, 35 
Cotree, 158, 214 zener, 20, 296, 387, 395, 418, 728 
Coulomb, 3, 53 Director, 793 
Coupling network, 117 Discrete signal, 431 
Cowan modulator, 463 Distortion: 
Cross-coupled multivibrator (see Eccles- linear, 805 
Jordan circuit) nonlinear, 804-805 
Cryotron, 63, 65 Distributed network, 6n. 
Current, 4, 53 Divider, nonlinear: current, 290 
Current direction reference, 7—9, 17n., 53 in TC plot synthesis, 402-405, 562-564 


Current divider, nonlinear, 290 voltage, 286-289 
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Division, graphical, 920-921 
Domain, 899 
Double load-line method, 263-264 
(See also Template-double load-line method) 
Double-shot multivibrator (see Bistable 
multivibrator) 
DP plot, 228-232, 246 
applications of, 273-285, 306-311 
and equivalence, 327-330 
graphical determination of: for networks 
with three-terminal resistors, 301-311 
for series-parallel networks, 266-273 
horizontal and vertical segments in, 
276-277 
piecewise-linear determination of, 539-553 
and symmetry, 348-353 
synthesis of, 386-401, 413 
DP plot theorem, 245, 247 
Driving-point plot (see DP plot) 
Driving-point terminals, 231, 232 
Dual elements, 203-204 
self-, 221 
Dual network, 202-213 
algorithm for, 209 
reference direction for, 206 
self-, 221 
Dual network existence theorem, 208 
Duality, 201-213 
Dynamic characteristics, 15 
Dynamic network, 153, 213, 583 
analysis of: first-order autonomous, 
636-696 
first-order nonautonomous, 778-822 
first-order switching, 697-724 
nth-order autonomous, 880-897 
second-order autonomous, 823-879 
classification of, 583-585 
equations of motion for, 188-197 
order of complexity of, 585-593 
principles of analysis, 593-595 
synthesis of: first-order multivibrators, 
725-7152 
first-order time-base generators, 753-777 
Dynamic route, 671 


Ebers-Moll equations, 489-490 
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Eccles-Jordan circuit, 579, 878 
Edge of element (branch), 156 
Eigenvector, 863 
Elements: 
laws of, 153-155, 213 
multiterminal, 84-151 
characterization of, 84-85 
constraints on, 108-115 
three-terminal elements: capacitors, 
103-104 
inductors, 104-105 
resistors, 86-103 
nonlinear parametric representation of, 
913-918 
Elimination, graphical, 287, 411, 923-924 
Emitter follower, 431n. 
Empty set, 546n. 
Energy, 3, 5, 38-47, 53 
Energy dissipation, 53 
Energy-storage element, 45, 47, 53 
Energy-storage subnetwork, 593 
Envelope detector, 814 
Equalization (see Compensation) 
Equations of motion, 152-221 
Equilibrium state, 613-622, 627 
for first-order networks, 637-640 
stability of: first-order network, 622-626 
second-order network, 859-863 
and trajectory: first-order network, 
620-622 
second-order network, 859-873 
virtual, 661, 857 
(See also Singular point) 
Equivalence, 325-367 
Equivalent input signal, 452 
Equivalent load specification, 565 
Equivalent networks, 325-327 
Equivalent source property, 328 
Euler algorithm: 
for n differential equations, 199-201, 215, 
883 
for one differential equation, 196-199 
Exclusive OR gate, 148 
Explicit equilibrium state theorem, 616, 627 
Exponential waveform solution theorem, 701, 
718 
Extraneous solution, 331 


Farad, 31 
Feedback network, 117 
FET (see Field-effect transistor) 
Field-effect transistor, 102, 308 
models of, 517 
time-base generator circuit, 770-771 
Filter, 26 
Final value, 662n. 
Fixed-point algorithm, 181, 215 
Fixed-point concept, 180-184 
Flip-flop (see Bistable multivibrator) 
Flip-over symmetric-network theorem, 345 
Flip-over symmetry, 343, 361 
Flux, magnetic, 4 
Flux linkage, 4, 5, 53 
conservation of, 656 
Flyback time, 755 
Focus: 
stable, 867 
unstable, 868 
Four-layer diode, 22 
Free-running multivibrator (see A stable 
multivibrator) 
Free-running time-base generator (see Time- 
base generator, free-running) 
Frequency: 
natural, 867 
Frequency conversion, 37 
Frequency division, 33, 768 
Frequency doubler, 444 
Frequency mixing, 27-28 
Frequency multiplication, 25-27 
Full-wave rectifier, 337 
Function, 901 
and inverse, 901-904 
mathematical representations of, 904-913 
monotonic, 903 
multivalued, 902 
one-to-one, 902 
piecewise-linear, 905 
Functional equation, 155n. 
Functional network, 422, 433 
synthesis of: ac-resistive, 449-488 
dc-resistive, 422-448 
Fundamental cut set, 165, 214 
Fundamental interpolation theorem, 905 
Fundamental loop, 160, 214 


Subject index 979 


Gate: 
AND, 111-112, 471-474 
coincidence, 466-467 
exclusive OR, 148 
NAND, NOR, and NOT, 471-472, 476-479 
OR, 111-113, 471-472, 474-476 
transmission, 468-469 
Gated oscillator, 736n. 
Generalized Kirchhoff current law, 164-165 
Global model (see Model, global) 
Global stability, 623 
Glow tube, 22 
Graph of network, 156 
Graphical analysis, 253-324 
of non-series-parallel networks, 334-342 
Graphical elimination method, 287-288, 289, 
411 
Graphical synthesis (see Synthesis) 
Graphical techniques for basic mathematical 
operations, 919-928 
addition and subtraction, 920 
composition, 921-923 
differentiation, 924-926 
elimination, 923-924 
integration, 926-928 
multiplication and division, 920-921 
Ground, 85 
Gyration conductance, 136 
Gyrator, 135-136 
circuits for simulating, 940-942 


Half-wave rectifier, 294 

Harmonic, 37 

Henry, 35 

Heun algorithm, 219 

Heuristic approach, 885-886 
Holding current, 457 

Hooke’s law, 154 

Horizontal flip-over symmetry, 356 
Horizontal segments in DP plot, 276-277 
Horizontal symmetry, 351 

Hybrid form, 605 

Hybrid parameters, 95 

Hysteresis, 36, 917 


i-shift theorem, 334, 336, 341, 502 
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Ideal diode, 23-24 
Image, 903 
Implicit equilibrium state theorem, 615, 627 
Impulse, 8187. 
Impulse response, 780n. 
Incomplete model, 650-656 
Independence: 
of equations, 160-166 
of variables, 16, 84-85, 159 
Independent initial condition, 585 
Independent KCL equation criteria, 166, 214 
Independent KVL equation criteria, 160, 214 
Independent KVL mesh equation criteria, 160 
Inductance, 35, 36 
incremental, 37 
self- and mutual, 105n. 
Induction, mathematical, 158n. 
Inductor: 
controlled two-terminal, 67, 68 
dual of, 204 
linear, 35-36, 105 
nonlinear, 36-37 
applications of, 37-38 
power, average power, energy in, 45-47 
three-terminal, 104-105 
time-varying, 50-51 
two-terminal, 16, 35-38 
unicursal, 913 
Inductor-loaded isocline network theorem, 
836 
Inertia postulate, 651, 732 
Initial condition, 197, 586-589, 627 
Input-characteristic curves, 86 
Input load line, 262 
Instability problem, 388 
Integrated circuits, 7, 31, 110, 236, 356, 388 
Integration, graphical, 926-928 
Integrator, 122-123, 783-784, 931 
Interconnection, laws of, 153-157, 213 
Internal constraints, 108-113 
Interpolation, 905 
Intersection, 546 
Invariant network, 342 
Inverse function, 901 
Inverse machine, 899 
Inverse relation, 900 
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Inverter, phase, 120 

Isocline, 823-828 

Isocline network, 833-836 

Isocline network method, 833-842 

Isolation block for integrated circuits, 236-238 

Isolation box, 119 

Isolation transformer, 114 

Iterative linear network, 528, 573 

Iterative Norton equivalent network, 528, 573 

Iterative piecewise-linear method (see 
Piecewise-linear method) 

Iterative Thévenin equivalent network, 528, 
573 


Jump phenomenon, 652-656 
Junction diode, 20 


Kirchhoff current law, 154 

in generalized form, 164, 214 

and independent equations, 163-166 
Kirchhoff voltage law, 154 

and independent equations, 160-162 
Kuratowski’s theorem, 208 


Ladder network, 290, 392-395 
Latching switch, 456-458 
Lattice network, 337 
symmetric, properties of, 351-352 
Lattice network synthesis theorem, 408, 565 
Laws: 
of elements, 153-154 
of interconnection, 153-154 
Liapunov, 624 
Lienard’s method, 874-875 
Light-emitting diode, 75 
Limit cycle, 610, 875 
Limiter, voltage, 296-297 
Limiting, 28-30 
Linear distortion, 805 
Linear field, 824n. 
Linear network, 152-153 
Linear transformation converter (LTC), 151 
Link, 158 
Load, 234 


Load line, 257 
Load-line method, 256-257, 316 
double, 263-264, 316 
Loading effect, 234 
Local model, 494 
Local stability, 623 
Locus of operating points, 228 
Logarithmic amplifier, 238-241 
Logic, 469 
positive and negative, 473-474 
Logic elements, 110-113 
synthesis of, 469-479 
Lossless element, 42-47, 868 
Lumped network, 6 


Manley-Rowe equations, 892-893 
Mapping, 903 
Mathematical induction, 158n. 
Matrix transmission gate, 468-469 
Maximum power hyperbola, 372 
Meca program, 559-562, 574 
Memory (see Storage) 
Memoryless network, 153n. 
Mesh, 161-162 
Metal oxide semiconductor, 31 
Mho, 17 
Mode, natural or normal, 844 
Model, 51-52, 489-491, 520 
dynamic, 51-52, 618 
global, 494 


for controlled resistors, 494-497 
of practical three-terminal resistors, 


508-520 


for three-terminal resistors, 497-503 


incomplete, 650-656 
incremental linear, 494n. 
local, 494 


modification of: half-plane constraints, 


503-504 
quadrant constraints, 505-507 
and parasitic elements, 656-659 
realistic and incomplete, 649-652 
Modulation, amplitude, 48-49, 59 
detection of envelope, 814-817 


synthesis of modulator, 461-465 
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Modulation index, 814 
Monostable multivibrator, 725, 730-737, 746 
Monotonic charging property, 807-811 
Monotonic curve, 388-389 
DP plot, synthesis of, 388-396 
(See also Nonmonotonic curve) 
Monotonic function, 903 
Monotonic solution theorem, 646 
Multiplication, graphical, 920-921 
Multivalued curve, 23, 270, 730, 737, 840, 902 
Multivibrator, 513 
first-order, 725, 746 
astable, 726-730 
bistable, 737-746 
monostable, 730-733 
applications of, 733-734 
conditions on triggering pulse 
amplitude, 735-736 
conditions on triggering pulse width, 
736-737 
Mutator, 31, 138, 146 
circuits for simulating, 940-942 
kinds of: C-L, 142-144 
R-C, 140-142 
R-L, 138-140 
Mutual capacitance, 104n. 
Mutual inductance, 105n. 


N-channel FET, 102 
model of, 517 
N-p-n transistor, 99 
model of, 512-515 
NAND gate, 471-472, 476-479 
Negative-impedance converter, 138 
circuits for simulating, 937-938 
current-inversion, 137-138 
voltage-inversion, 136-137 
Negative logic, 473-474 
Negative resistance, 19, 726 
Neon bulb time-base generator, 760-762 
Network, 152-153 
autonomous, 195 
basic configurations of, 255, 260 
connected, 157-158 
dual, 202-203, 215 
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Network: 
dynamic, 153, 213, 583 
equivalence, 325-327, 361 
functional, 422, 433 
graph, 156 
invariance, 342 
model, 489-491 
planar, 161, 215 
resistive, 153, 213 
series-parallel, 290-293 
symmetry, 342-353 
topology, 155, 157-166, 213-214 
Network analysis (see Analysis) 
Network synthesis (see Synthesis) 
Newton-Raphson method, 185-187, 215 
Node, stable and unstable, 865-866 
Noise, 429n. 
Nonautonomous network, 195 
first-order, 778 
applications of, 807-819 
constant-slope method, 793-806 
linear network analysis, 779-786 
piecewise-linear analysis, 786-792 
Nonlinear distortion, 804-805 
Nonlinear network, 152-153 
Nonlinear Norton’s theorem, 328-330 
Nonlinear oscillation, 622n. 
Nonlinear Thévenin’s theorem, 328-330 
Nonmonotonic curve, synthesis of, 396-401 
Nonplanar network, 161 
NOR gate, 471-472, 476-479 
Normal-form equations, 191-196 
first-order networks, 595-599 
nth-order networks, 604-606 
second-order networks, 599-604 
Normalized isocline network, 876 
Norton equivalent network, interative, 528,573 
Norton’s theorem, nonlinear, 228 
NOT gate, 471-472, 476-479 
Null detection circuit, 282-285 
Numerical-integration approach, 881-883 
Numerical solution: 
of functional equations, 179-188, 215 
of nonlinear differential equations, 196-201, 
215, 219, 220 
Nyquist theorem, 482 
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Offset voltage, 127 
Ohm, 17 
Open circuit, 17, 23 
Open-circuit resistances, 94 
Open-circuit substitution theorem, 332, 343, 
346 
Open-circuit voltage, 329 
Open trajectory, 609 
Operating point, 225-228, 246 
applications of, 273-285 
and equivalence, 330-332 
graphical determination of, 254-266 
piecewise-linear determination of, 530-538 
Operating-point paradox, 243-244 
Operating-point problem, 227-228 
Operational amplifier (see Amplifier, 
operational) 
Optical coupling, 76 
OR gate, 111-113, 471-472, 474-476 
Order of complexity, 585-593, 626 
determination of, 589-592 
Oscillatory solution, 652-656 
Output characteristic curves, 87 
Output load line, 262 
Overdamped network, 867 
Overload protection, 297 


P-channel FET, 102 
model of, 517 
P-n-p transistor, 99 
model of, 517 
Paradox, 29, 243 
Parallel combination technique, 267, 271-273 
Parallel commutative property, 327 
Parallel decomposition technique, 393 
Parametric amplifier, 34, 894 
Parametric approach, 909 
Parametric representation of nonlinear 
elements, 913-918 
Parasitic elements, 52, 656-659, 703, 744, 888 
Passive components, 387 
Peak clipper, 427 
Peak current, 279n. 
Pentode (see Vacuum pentode) 
Per-unit ripple, 813 


Periodic signal, 39, 425-426 
Phase inverter, 120 
Phase plane, 609 
Phase-plane technique, 823-833 
Phase portraits, 823-828, 871-873 
Photocell, 65 
Photodiode, 63 
equation of v-i curves of, 66 
Phototube, 63 
m-network model, 501-503 
Piecewise-linear function, 905 
Piecewise-linear method, 526-530 
in analysis: computer programs, 558-562 
DP plots, 539-553 
first-order autonomous networks, 659-689 
first-order nonautonomous networks, 
786-792 
nth-order autonomous networks, 
884-885 
operating-points, 530-538 
second-order autonomous networks, 
844-859 
TC plots, 553-558 
in synthesis, 562-573 
Pivoting point, 926 
Planar network, 161 
Pliers-type entry, 232 
Port contraints, 113-115 
Positive logic, 473-474 
Positive-negative logic conversion theorem, 474 
Potential difference (see Voltage) 
Power, 5, 38-47, 53 
significance of sign, 9, 53 
Power gain, 894 
Power measuring device, 79 
Power rating, maximum, 241-243, 371-372 
Power-transfer plot, 241-243, 246 
Pulse amplifier, 733 
Pulse compressor, 297-298 
Pulse generator, 298-301 
Pulse-sharpening property, 817-818 
Pulse-smoothing property, 811-817 
Pulse stretcher, 812 
Pulse synchronization method, 764 
Pump, 894 
Push-pull amplifier, 357 
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Qualitative methods, 607, 636, 842, 890-895 


Quasi-resistive network, 424, 778 


Range, 899 
Rectification, 24-25 
Rectifier, 24—25 
filtered, 810 
full-wave, 337 
half-wave, 294-296 
Redundant element property, 327 
Reference convention, 7-9, 206 


Reflector, 128-129, 134-138, 145, 399 


circuits for simulating, 939-940 
Regular point, 827 
Regulation, 437-443 
Relation, 899 
inverse, 900 
Relaxation oscillator, 306-308, 727 


Representations of a three-terminal resistor: 


forms of, 89-95 


graphical transformation of, 95-96 
transformation of, to another common 


terminal, 97-98 
Resistance, 17 
ac, 56 
de, 56 
incremental, 642 
negative, 19 
open-circuit, 94 
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Resistance-conductance representation, 92, 94, 


144 


Resistance representation, 92, 94, 144 


Resistive network, 153, 213 
Resistive subnetwork, 593 
Resistor: 
active, 42, 53 
bilateral, 23, 343 
complementary, 353 
concave and convex, 273-276 
controlled: models of, 494-497 
two-terminal, 62-66, 78 
dual of, 203-204 
linear, 17-18 
negative, 17 
positive, 17 
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Resistor: 
multiterminal used as three-terminal 
controlled, 107-108 
nonlinear, 18-19 
applications of, 24-30 
passive, 42, 53 
power, average power, energy in, 37-42 
temperature-dependent, 63-66, 436 
three-terminal, 86-89 
biasing, 374-382 
cascade connection of, 313-315 
composite characteristics of, 311-315 
criteria for thermal runaway, 384-386 
models of, 497-503, 508-520 
practical examples of, 98-103 
representations of (see Representations 
of a three-terminal resistor) 
sensitivity considerations, 382-386 
time-varying, 47-49 
tunnel, 21 
two-terminal, 16-30 
biasing, 369-373 
criterion for thermal runaway, 373 
unicursal, 913 
Restoration time, 755n. 
Retrace time, 755 
Return time, 755n. 
Ring modulator, 465 
Ripple, 313 
Rise time, 704 
Rotational symmetric isocline network 
theorem, 878 
Rotational symmetric-network theorem, 346 
Rotational symmetry, 343, 361 
Rotator, 128-129, 131-134, 145, 397, 496, 728 
circuits for simulating, 939 
Runge-Kutta algorithm, 220 


Saddle point, 886 

Sampling circuit, 461 

Saturation, 110n., 115 

Saturation current in diode, 237, 238 
Saturation region, 297 

Sawtooth waveform, 308 

Scaling circuit, 118-121 
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Scalor, 128-131, 145, 308-311 
circuits for simulating, 938-939 
Scalor-reflector realization theorem, 399 
Scalor-rotator realization theorem, 397 
Schmitt trigger, 559-562, 722 
SCR (see Silicon-controlled rectifier) 
Segment-by-segment method, 389 
Selenium diode, 20 
Self-capacitance, 104n. 
Self-dual, 221 
Self-inductance, 105n. 
Self-triggered time-base generator, 771-774 
Semiautomatic general analysis program, 
558-559, 573-574 
Sensitivity, 371 
switching, 454, 479 
in three-terminal biasing circuits, 382-386 
Separatrix, 796 
Sensing element (see Transducer) 
Series-combination technique, 267-271 
Series commutative property, 327 
Series configuration of switch, 450 
Series-decomposition technique, 393 
Series modulator, 463 
Series-parallel network, 253, 290-293 
Set, 898 
Set-processing machine, 898 
Shifting theorems, 332-334 
Short circuit, 17, 23 
principle of virtual, 118 
Short-circuit conductances, 94 
Short-circuit current, 329 
Short-circuit substitution theorem, 332 
Shunt configuration of switch, 450 
Shunt modulator, 463 
Sideband frequency, 27n. 
Sidebands, 27n. 
Signal, 894 
Signal-processing circuits, 294, 423, 807-819 
Silicon-controlled rectifier, 102 
in high-sensitivity latching switch, 
456-458 
Simulation method, 125-127, 196 
Simultaneity postulate, 6, 53 
Single-shot multivibrator (see Monostable 
multivibrator) 


Singular point, 6147., 827, 859-873 
(See also Equilibrium state) 
Skeleton network, 424 
Slope of approach, 861 
Small variation postulate, 25 
Solar cell, 63 
equation of v-i curves of, 66 
Soldering-iron entry, 232 
Solion liquid diode, 21 
Solution of the network, 154 
Sorting circuit, 280-282 
Source, 9 
charge, independent, 11 
controlled, 70-78 
circuits for simulating, 932-937 
controlled by electrical variables, 72-75 
using operational amplifier, 118-121 
current, 9-11 
independent, 11 
des 
flux-linkage, independent, 11 
voltage, 9-11 
independent, 10-11 
Spiral case, 847, 860, 867 
Square-law device, 238-241 
Square-wave generator, 115-116, 308, 728-729 
Stability of equilibrium states, 622-627 
asymptotic, 624 
criteria for first-order network, 637-643, 
689 
definition of: for nth-order network, 626 
for second-order network, 624-625 
global (stability-in-the-large), 623 
local (stability-in-the-small), 623 
Stable focus, 867 
Stable spiral, 867 
State space, 607 
trajectory of solutions in, 605-613 
State variables, 191-196, 586 
Static characteristics, 15 
of a two-terminal black box, 15-17 
Steady-state behavior, 607, 782n. 
Step size, 197 
Storage, 37-38, 738 
Strictly monotonically increasing curves, 19, 22 
Subharmonic, 33, 37, 444 
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Subnetwork, 152-153 
energy-storage, 593 
resistive, 593 
Substrate, 236 
Subtraction, graphical, 920 
Summing circuit, 123-125 
Superconducting tunnel junction, 22-23 
Supernode, 84, 165 
Superposition, principle of, 819 
Sweeptime, 755 
Switch: 
electronically controlled, 449, 479 
characteristics of, 449-452 
synthesis of: multicontrolled, 465-469 
single-controlled bidirectional, 458-461 
single-controlled unidirectional, 452-458 
series, 449, 479 
shunt, 449, 479 
Switching line, 788, 853 
Switching network, first-order, 697-698, 718 
analysis of: linear, 698-707 
nonlinear, 708-710 
with one nonlinear inductor or 
capacitor, 711-718 
Switching plane, 789 
Switching sensitivity, 454, 479 
Switching signal, 449 
Switching space, 792 
Switching transistor, 455n. 
Symmetric DP-TC plot theorem, 350 
Symmetric lattice network properties, 351 
Symmetric lattice network theorem, 346, 408- 
411, 569 
Symmetry, 342-353, 361 
applications of: determination of TC and DP 
plots, 348-353 
operating-point problem, 343-348 
Synchronization of free-running time-base 
generator, 762-763 
Synchronous phase detection, 49, 61 
Synthesis: 
of functional networks: ac-resistive, 449-488 
dc-resistive, 422-448 
graphical methods of, 368-369 
of DP plots, 386-401 
of jointly prescribed curves, 408-412 
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Synthesis: 
graphical methods of: of operating points, 
369-386 
of TC plots, 401-408 
of models: controlled resistors, 494-497 
three-terminal resistors, 497-507 
of multivibrators, first-order, 725 
astable, 726-730, 746 
bistable, 737-746 
monostable, 730-737, 746 
piecewise-linear methods of: for jointly 
prescribed curves, 565-573 
for TC plots, 562-573 
of time-base generators, first-order, 753-759 
free-running, 759-768 
triggered, 768-774 


T-network model, 498-502 
Taylor algorithm, 219 
Taylor series expansion, 871 
TC plot, 228-235, 246 
applications of, 294-301, 306-311 
graphical determination of: for networks 
with three-terminal resistors, 301-311 
for series-parallel networks, 286-294 
piecewise-linear determination of, 553-558 
and symmetry, 343-348 
synthesis of, 401-408, 413 
by piecewise-linear method, 562-573 
TC plot theorem, 245, 247 
Temperature coefficient, 65, 373 
(See also Sensitivity) 
Template-double load-line method, 303-306, 
316 
Template method, 286, 289 
Terminal state, 653 
Tetrode, 107-108 
Thermal coupling, 77 
Thermal runaway, 372, 413 
criteria for three-terminal resistors, 384-385 
criterion for two-terminal resistors, 373 
Thermistor, 63-66 
resistance of, as function of temperature, 
65-66 
Thévenin equivalent network, 528, 573 
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Thévinin’s theorem, nonlinear, 228 
Threshold detector, 116-117 
Threshold value, 277-279 
Thyratron, 99 
Tilt angle, 433 
Time-base generator, first-order, 753-759, 774 
free-running, 755-775 
neon bulb circuit, 760-762 
synchronization of, 763-768 
synthesis of, 759-763 
unijunction transistor circuit, 762-763 
self-triggered circuit, 771-774 
synthesis of, 768-774 
triggered, 757, 774 
FET circuit, 770-771 
Time constant, 661, 675 
Time-invariant elements, 47 
Time scaling: 
first-order networks, 644-649 
second-order networks, 828-833 
Time-translation property, 844n. 
Time-varying elements, 47-51, 62n. 
Tolerance, 765 
Topology, 155, 157-166, 213-214 
Toroidal coil, 67, 105 
Trace, 869 
Trajectory, 608 
closed, 609 
and equilibrium states: first-order network, 
620-622 
second-order network, 859-873 
of solutions in state space, 606-613 
time scaling of: first-order networks, 644— 
649 
second-order networks, 828-833 
Trajectory slope theorem, 865 
Transcendental equation, 155n. 
Transducer, 71-72, 78, 436 
Transfer-characteristic plot (see TC plot) 
Transfer terminals, 233 
Transformer, 114-115 
isolation, 114—115 
three-port ideal, 114, 459 
three-winding, 359 
two-port ideal, 114 
Transient response, 782n. 


Transistor, 99 
models of: n-p-n, 512-516 

p-n-p, 517 
Transistor switch, 454-456 
Transition state, 653 
Transitive relation property, 327 
Transmission gate, 468-469 
Transmission line, 5 
Transmission parameters, 95 
freewiss) 213 
Trigger diode, 22 
Triggered time-base generator (see Time-base 

generator, first-order, triggered) 
Triggering source, 725, 730 
Triggering techniques, 730-745, 768-774 
Triode (see Vacuum triode) 
Truncation error, 198 
Truth table, 148, 471 
Tuning, electronic, 34-35 
Tunnel diode, 19, 21 
Turns ratio, 114 


Underdamped network, 868 
Unicursal curve, 909 
Unicursal element, 913 
Unidirectional switch, 452 
(See also Switch) 
Unijunction transistor, 102 
time-base generator circuit, 762-763 
Uniqueness hypothesis, 343-344 
Uniqueness theorem, 246, 247, 343n., 408, 537 
Up-converter, 894n. 


V-shift theorem, 332-334, 341, 351, 376, 460, 
478, 499, 763 
Vacuum diode, 18, 20 
Vacuum pentode, 108 
models of, 510-511 
Vacuum triode, 99 
models of, 508-510 
Valley current, 279n. 
Van der Pol equation, 824 
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Varactor diode, 35, 435 

Varistor, 18, 21 

Vector field, 794 

Vertical-position transducer, 433 

Vertical segments in DP plot, 277 

Vertically symmetric isocline network theorem, 
877 

Virtual equilibrium state, 661 

Virtual short circuit, principle of, 118, 406 

Volt, 4, 53 

Voltage, 3, 5, 53 

reference polarity, 7-9, 17n., 53 

Voltage comparator (see Threshold detector) 

Voltage-controlled resistor, 19 

Voltage divider, nonlinear, 286-289 

Voltage doubler, 810-811 

Voltage gain, 110n. 

Voltage-inversion negative-impedance converter 
(VNIC), 136-137 

Voltage limiter, 296 

Voltage ratio-current ratio representation, 92- 
94, 144 

Voltage regulation, 297, 324 

Voltage-source substitution theorem, 331 

Voltage-stabilizer network, 167 

Vortex, 867 


Waveforms: 
generation of, 424-425, 778 
aperiodic, 426-427 
periodic, 425-426 
Waveshaping, 427-433, 443, 778 
Weber, 4, 53 
Weierstrass approximation theorem, 906 
Work (see under Energy) 


Zener breakdown, 276 

Zener diode, 20, 296, 387, 395, 418, 728 
Zero-input response, 782 

Zero-state response, 779-781 
Zero-state response theorem, 780 
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